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IABSTRACT
Gamma TiAl based alloys are considered as alternative materials to Ni based 
superalloys for applications in gas turbine engines. However, they exhibit low 
oxidation resistance above 700 °C. The need to develop oxidation resistant coatings 
for y-TiAl based alloys was the motivation for this project. Three TiAlCr-X coatings 
were studied: These were the Ti-50Al-10Cr (TiAlCr) and Ti-48Al-9Cr-4B (TiAlCrB) 
coatings and the Ti-48Al-9Cr-4B with Ag interlayers multilayer (TiAlCrB/Ag) 
coating. The coatings were deposited on Ti-48Al-2Nb-2Mn alloy and Si wafer 
substrates by RF sputtering using optimised deposition parameters. A  pure Ag and 
two alloy (Ti-50Al-10Cr and Ti-48Al-9Cr-4B) targets were used for sputtering. The 
coatings were studied by SEM, EPMA, XRD, XPS, TEM, DSC, DTA and TG.
The morphology and the microstructure of the as-deposited coatings on Si and Ti- 
48Al-2Nb-2Mn substrates were the same. All the coatings exhibited dense columnar 
morphology with ~1 pm thick columns for the TiAlCr and TiAlCrB and coarser 
columns for the TiAlCrB/Ag. The TiAlCr and TiAlCrB coatings were amorphous 
with randomly dispersed a-Ti nanocrystals, hi the TiAlCrB the nanocrystals were 
smaller (<15nm) and their volume fraction slightly higher than in the TiAlCr. 
Thermodynamic calculations confirmed that a -T i is the second favourable phase to 
form after the amorphous phase at the Tdeposition used. For 1 pm/h deposition rate the 
amorphous phase formation in the as-deposited microstructure was possible for 
T d e p o s it io n  up to 208 and 223 °C for TiAlCr and TiAlCrB respectively. This variation in 
Tdeposition is attributed to the higher melting point of the Ti-48Al-9Cr-4B alloy (1123 
°C compared to 1080 °C for TiAlCr), which affects the mean surface diffusion length, 
hi the TiAlCrB/Ag coating the microstructure consisted of crystalline Ag and 
amorphous TiAlCrB layers.
The thermal stability of the as-deposited coatings was assessed by thermal 
analysis of freestanding deposits and the phase evolution path from the as-deposited 
metastable to the equilibrium microstructure for TiAlCr and TiAlCrB was defined by 
XRD and TEM. The TiAlCr crystallized at 657, 690 and 714 °C when heated at 5, 20 
and 50 K/min heating rates, respectively. The activation energy for crystallization was 
293 KJ/mol, which is very close to the activation energy for volume diffusion of Ti in 
the y phase. The amorphous phase transformed first to the y-TiAl and a 2-Ti3Al phases 
and then the equilibrium Ti(Cr,Al)2 Laves phase formed very slowly at the expense of 
the a 2. The TiAlCrB crystallized at 685, 6 8 6  and 690 °C when heated at 50, 65 and 80 
K/min heating rates, respectively, with activation energy for crystallization 613 
KJ/mol, which indicates the enhanced stability of the TiAlCrB. The phase evolution 
path of the TiAlCrB was the same with TiAlCr, with the addition of fine borides from 
the early stages of crystallization. The microstructure of the TiAlCrB was finer than 
TiAlCr after crystallization. Formation of a -T i nanocrystals (> 50nm), was noticed 
when the amorphous TiAlCr was heated at 550 °C, but not in the TiAlCrB after 
heating at 600 °C, which confirmed the enhanced stability of the TiAlCrB.
The oxidation of the coatings, the substrate and target alloys was assessed by TG 
at 800 °C for 200 hours. The weight change per unit area and the parabolic rate 
constants were determined for each material. Mixed alumina and titania scales were 
formed on the specimens. Clusters of coarse titania crystals tended to form on the 
surface of the scales. Their formation was favoured by the surface roughness of the 
specimens. The TiAlCrB exhibited the best oxidation resistance of the three coatings, 
followed by the TiAlCrB/Ag and the TiAlCr.
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Chapter 1
1 Introduction
The gamma titanium aluminides are considered to be the most promising 
intermetallics of the Ti-Al system for structural applications. The combination of low 
density with high strength makes these alloys attractive candidates to replace Ni based 
superalloys in some parts of the gas turbine engines. However, y-TiAl based alloys 
exhibit poor oxidation resistance in air at temperatures above 700 °C. Previous 
attempts to overcome this problem by alloying additions that modify the gamma 
based microstructure and increase the ductility of the alloy did not improve the 
oxidation resistance. The solution of the problem seems to be the development of 
overlay coatings for TiAl based alloys.
The aim of this project was to develop an oxidation resistant coating for y-TiAl based 
alloys. Previous studies have shown that the selection of the oxidation protective 
coating alloy should be made from the Ti-Al-Cr system, hi this work coatings from 
Ti-Al-Cr and Ti-Al-Cr-B systems were produced. In addition, TiAlCrB coatings with 
Ag interlayers were studied. An interesting aspect in the development of the TiAlCr- 
X  coatings deposited by PVD techniques is the possibility of producing amorphous or 
nanocrystalline microstructures in the deposits. Considering the increasing interest 
and the limited knowledge for these materials, it was decided to include the 
investigation of this possibility for the TiAlCr-X coatings in the experimental work 
undertaken in this project. The objectives of this project were to:
1. Deposit selected coatings on TiAl based substrates.
2. Produce freestanding coatings in order to study them individually.
3. Study the microstructure of the as-deposited coatings.
4. Identify the phase evolution path from the metastable as-deposited 
microstructure to the equilibrium one for each of the coatings.
5. Examine the oxidation behaviour of these coatings at 800 °C.
Chapter 1 Introduction 2
In order to realise these objectives the experimental work in this project included:
1. The use of RF sputter PVD technique to deposit the coatings
2. The application of various analytical techniques, such as XRD, SEM, EPMA, 
TEM, XPS, DSC, DTA, TG to study the coatings.
The thesis is structured in eight chapters. Following this first introductory chapter, the 
second chapter is a review of the literature about titanium aluminides, oxidation 
behaviour of phases in the Ti-Al-Cr system and sputter PVD coatings. In chapter 3 the 
experimental techniques used for the preparation and the characterization of the 
coatings are presented. The substrate and the target materials used for the production 
of the coatings were analysed by various techniques and the results are given in 
chapter 4. The characterization of the as-deposited TiAlCr-X coatings was done using 
XRD, EPMA, SEM, TEM and XPS and is presented in chapter 5. The thermal 
stability of the as-deposited structure was assessed by thermal analysis techniques and 
the structure of the annealed coatings was studied by X-ray and electron diffraction. 
The phase evolution upon heating for each of the TiAlCr-X coatings is given in 
chapter 6 . The oxidation behaviour of the coating / substrate systems as well as the 
oxidation resistance of the uncoated y-TiAl based alloy substrate and the bulk target 
alloys were tested by thermogravimetry. The oxidized specimens were studied using 
XRD, XPS, SEM and EPMA techniques. All these experimental findings are 
presented in chapter 7.
hi chapters 4 to 7 the experimental results are discussed and compared to data from 
the literature. At the end of each of these chapters the conclusions are also presented. 
In chapter 8 the conclusions from this work are summarized and some suggestions for 
future work are given.
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Chapter 2
2 Literature Survey
2.1 Introduction
The demand for advanced structural materials that can operate at high temperatures 
and aggressive environments preserving good mechanical properties is the driving 
force for researching intermetallic alloys. The term intermetallic alloy describes an 
ordered phase formed between two or sometimes three metallic elements [Anton et al 
1989]. Intermetallic ordered phases are mostly stoichiometric, i.e. there is a specific 
atom ratio and the phase is stable only at compositions very close to that ratio, see 
figure 2.1. In contrast to the free energy curves of solid solutions, most of the 
intermetallics have narrow ‘U ’ shape curves, which show that the free energy is 
minimum for an ideal atom ratio and that even small compositional deviations cause 
rapid rise of the free energy [Porter and Easterling, 1992].
B
composition
Figure 2.1: Schematic free energy curves of (a) an intermetallic compound with a very 
narrow stability range and (b) an intermediate phase with a wide stability range 
[Porter and Easterling, 1992]
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Ordered structures exhibit attractive elevated temperature properties (e.g. strength, 
stiffness, creep and oxidation resistance) because of the long range ordered 
superlattice, which reduces dislocation mobility and diffusion processes at elevated 
temperatures. However, the reduced dislocation mobility results in generally 
extremely low ambient-temperature ductility and fracture toughness. [Froes et al. 
1992]
Hundreds of different intermetallic compounds have been the focus of research since 
Hume-Rothery first in 1926 pointed out that a great number of compounds, 
principally in the systems of Au, Cu and Ag with other elements, could be 
rationalized by considering the ratio of valence electrons to atoms in each compound 
[Westbrook, 1995].
2.2 Titanium Aluminides
Titanium aluminides are a category of intermetallics that have been extensively 
investigated. The combination of properties that most intermetallic compounds have 
(high melting point, strength, stiffness) with the low density of titanium and 
aluminium makes these intermetallics very attractive candidates as structural 
materials, especially in aerospace applications where high strength to weight ratio is 
of primary importance in materials selection. Table 2.1 compares the properties of the 
titanium aluminides with those of the Ni based superalloys.
As seen in figure 2.2, in the Ti-Al phase diagram [Lee and Saunders, 1997] there are 
three intermetallic compounds of engineering interest:
® Ti3Al (also known as the 0,2 phase)
® TiAl (or the y phase)
•• TiAl3
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Property (*2 alloys y alloys Ni Superalloys
Density (g/cm'3) 4.1-4.7 3.8-4.0 8.3
Young’s Modulus (GPa) 120-145 160-175 206
Ductility (%) 2-5 1-3 3-5
Yield strength (MPa) 700-990 400-650 1 1 0 0
Thermal conductivity (W n f1 IC1) 7 2 2 11
Phase stability limit (°C) 1180 1440 1450
Creep limit (°C) 750 900 1090
Oxidation limit (°C) 650 900 1090
Table 2.1: Properties of titanium aluminide alloys and superalloys 
[Huang and Chesnutt, 1995]
Figure 2.2: The phase diagram o f  the binary Ti-Al system [Lee and Saunders, 1997].
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2.2.1 Ti3Al
In the Ti-Al phase diagram the Ti3Al lies within a compositional range from 22 to 35 
atomic percent aluminium. The Ti3Al © 2) has a DO 19 ordered hexagonal structure 
(figure 2.3-see also Appendix A), which is stable up to 1180 °C. At that temperature
the 012 phase undergoes the a2 — a order -  disorder transformation.
Figure 2.3: (a) Crystal structure of the <12 phase, (b) possible slip planes and vectors in
the structure [Kim and Froes, 1990]
The intermetallic Ti3Al was the first titanium aluminide that was studied 
comprehensively. The development of alloys based on this intermetallic was driven 
by the need to bridge the gap in temperature capability between conventional near-a 
titanium alloys like IMI 834 or Timetal 1100 (550 - 600 °C) and nickel based 
superalloys such as INCONEL 713 or INCONEL 718 (650 - 800 °C).
The Ti3Al has a specific modulus and stress rupture resistance comparable to that of 
the Ni based superalloys (Table 2.1). It also has higher strength to weight ratio 
compared to conventional titanium alloys but 011 the other hand in terms of creep 
resistance and upper temperature limit in air, Ti3Al based alloys have brought minor 
improvements, hi addition they exhibit low room-temperature plasticity, which is an 
important drawback for structural materials. Low ductility at room temperature is 
attributed to a coplanar mode of slip and the lack of sufficient slip systems parallel, or 
inclined, to the hexagonal direction of the unit cell (figure 2.3 b). Moreover, in 
contrast to most other hexagonal metals and alloys, the Ti3Al does not deform by
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twinning. Long-range order suppresses twinning in Ti3Al because such deformation 
produces disorder.
hi order to increase the room temperature ductility of the Ti3Al based alloys (3 phase 
stabilizing elements such as niobium, molybdenum and vanadium are added to the 
alloy composition. These elements promote the formation of the more ductile ordered 
body-centred cubic phase (B2) or the disordered high temperature b.c.c. titanium p 
phase. Blackburn [1969] demonstrated that plasticity at room temperature could be 
obtained by the addition of enough Nb (>10at. %). Niobium atoms substitute for 
titanium atoms in the crystal lattice, which has the effect of improving low- 
temperature ductility by increasing the number of active slip planes. Molybdenum, in 
smaller quantities, behaves in the same way and provides the additional advantages of 
solid solution strengthening and improved creep resistance. Vanadium has been used 
as an alternative to niobium because of its lower density although this element has the 
disadvantage of reducing oxidation resistance [Froes et al, 1992].
Ti3Al based alloys can be categorised according to the p stabilize content, hi the first 
category are alloys that contain 10-12 at% Nb or Mo and typical examples are the Ti~ 
24Al-llN b and Ti-25Al-8Nb-2Mo-2Ta alloys, hi the second category the atomic 
percentage of p stabilizing elements in the composition of the Ti3Al based alloys is 
between 14-17% (e.g. Ti-25Al-15Nb, Ti-24Al-10Nb-3V-lMo). The third category of 
alloys, containing 25-30% of p stabilizing elements, has been developed lately and 
includes Ti-25Al-24Nb and Ti-22Al-27Nb alloys [Banerjee, 1994].
2.2.2 TiAI
The composition of y phase in the Ti-Al phase diagram may extend from 48.5 to 6 6  
atomic percent Al. The y-TiAl is an ordered equiatomic compound and remains 
ordered up to approximately 1460 °C where it melts. The higher percentage of Al in 
the compound, compared to Ti3Al, offers lower density (3.9 g/cm3) than Ti3Al (4.3 
g/cm ) and less than half the density of the Ni based superalloys (8.3 g/cm ) which is 
important for gas turbine engine applications.
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The TiAl has an L l0 ordered face centred tetragonal structure in which titanium and 
aluminium atoms form successive layers on (002) planes (figure 2.4-see also 
Appendix A). The tetragonality of the structure is approximately one (c/a = 
0.4070/0.4005 = 1.016) and this is the reason for a cubic structure like behaviour of 
TiAl concerning deformation. As in cubic structures, deformation involves slip on 
{ 1 1 1 } planes in close packed directions, although dislocation mobility, especially at 
low temperatures, in TiAl is generally restricted. At higher temperatures twinning 
occurs and is considered to account for the increased (compared to other Ti 
aluminides) plasticity that is observed.
O Ti 
O Al
Figure 2.4: The L l0 TiAl crystal structure [Froes et al, 1992].
However, fracture in TiAl based materials is predominantly by cleavage at both high 
and low temperatures. The strong bond between Ti and Al atoms restricts the ability 
to accommodate plastic deformation. The positive aspect of these strong bonds is that 
they lead to high activation energy for diffusion. This high-energy barrier helps to 
retain strength and creep resistance to high temperature when diffusion becomes the 
rate-controlling process. It also results in high stiffness over a wide temperature 
range.
The development of TiAl based alloys started in the mid-1970’s and followed the 
development of Ti3Al based alloys. The first generation of gamma titanium aluminide 
alloys consisted of 46 — 49 %  Al with 1 % V. These alloys were shown to lack 
sufficient strength and creep resistance to benefit the turbine engine development
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programmes that were underway at that time. The research on these alloys uncovered 
some fundamental issues governing mechanical behaviour and also some challenges 
in processing Ti-Al alloys were identified, which led to the development of the second 
generation of TiAl alloys [Dimiduk, 1995], hi this class of alloys transition metals 
such as Cr, Mn, Nb were added (1-4 at%) in order to enhance their mechanical 
properties and oxidation resistance. The Ti-48Al-2Cr-2Mn is a typical example of a 
second-generation TiAl alloy.
Nowadays, y TiAl alloys of special interest lie in the compositional range Ti-(46- 
52)A1-(1-10)M where M represents at least one element from a list that includes the 
transition metals V, Cr, Mn, Nb, Ta, Mo and W. These alloys can be either single­
phase (y) or two-phase (012+7 )•
The selection of additional elements is determined by the property that is more 
important to be improved in a particular y alloy component. I11 two-phase alloys V, Cr 
and Mn can raise ductility but may impair the alloy’s behaviour in oxidative 
conditions, while additions of Mo, Nb, Ta, W  act in the opposite way. In single-phase 
y alloys, alloying elements such as Nb or Ta promote strengthening and additionally 
improve oxidation resistance.
Apart from the alloying elements, properties of TiAl based alloys are controlled by 
the microstructure. Owing to the phase equilibria (eutectoid reaction which transforms 
the a phase to a2 and y), three distinctly different types of microstructures can be 
obtained by annealing [Huang and Chesnutt, 1995]. Alloys above 52 % Al generally 
lie in the single-phase y region during heat treatment, and preserve single-phase y 
structure after cooling down to room temperature (figure 2.5a). The grains are 
equiaxed and about 50 pm in diameter.
For alloys between 46 and 50 at % Al, heat treatment in the a+y phase field results in 
a two-phase structure upon cooling. This structure consists of y grains and grains of 
lamellar structure (figure 2.5b). The lamellar grains contain alternating a2 and y 
plates, which form as a result of transformation from the primary a during cooling to 
room temperature. The grains are typically 10-35 pm in diameter, and the spacing 
between the lamellar plates is 0 .1 -1  pm.
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This structure is referred to as duplex and a critical parameter controlling the 
properties is the lamellar to equiaxed y grains ratio, along with their distribution. It 
has been suggested that a lamellar volume fraction of about 30% gives a reasonable 
combination of properties with good high-temperature creep resistance and acceptable 
tensile strength and usable ductility. The optimum structure for enhanced ductility 
consists of adjacent regions of lamellar and equiaxed morphologies [Y-W. Kim,
1994].
Finally, alloys with less than 48% Al that are heat-treated in the single-phase a field 
can form a fully lamellar structure where all grains contain alternating a.2 and y plates 
(figure 2.5c). The grains in fully lamellar structure are typically larger than 500 pm in 
diameter, which reflects the rapid coarsening rate of the disordered a.
Figure 2.5: Possible micro structures in TiAl based alloys, (a) single-phase y, 
(b) duplex of y and lamellar and (c) fully lamellar [Huang and Chesnutt, 1995].
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2.2.3 TiAl3
The TiAl3 has an ordered tetragonal structure of the DO22 type (figure 2.6-see also 
Appendix A). Aluminium atoms constitute around 75 % of the compound, and 
subsequently the TiAl3 has very low density (3.4 g cm-3). Moreover, owing to the high 
percentage of Al in the compound, the TiAl3 forms a stable and protective AI2O3 layer 
and has the best oxidation resistance of all the titanium aluminides. It also has high 
specific stiffness and exhibits some ductility above 620 °C but is extremely brittle at 
lower temperatures at which deformation occurs solely by twinning.
O  Al 
•  Ti
Figure 2.6: The TiAl3 DO22 ordered tetragonal structure
Due to the latter disadvantage the TiAl3 has received the least attention of the titanium 
aluminides. The main strategy being followed in order to improve the ductility is to 
make ternary additions of transition metals that favour the formation of the 
structurally related, but more symmetric, cubic LI2 structure. One successful attempt 
was the Ti-65Al-10Ni alloy in which Al and Ni atoms occupy the face-centred sites 
with titanium atoms at cube corners [Yamaguchi and Inui, 1994].
2.3 Applications of Titanium Aluminides
The principal potential applications of Ti aluminides are in the aerospace field. The 
weight savings that can be achieved by replacing Ni or Co based superalloys by 
titanium aluminides in the last stages of the compressor and in the low-pressure 
turbine section in aircraft gas turbine engines increase the efficiency of the engine.
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The use of TiAl as structural material for low-pressure turbine blades would reduce 
drastically the load of the engine. Not only will the TiAl blades be lighter than 
conventional Ni superalloy blades but the real weight saving will be in the supportive 
turbine disk where the blades are installed. The lower blade weight decreases the 
centrifugal force exerted on the disk, thus decreasing the associated stresses and 
consequently the mass of the disk [Loria 2000].
Many researchers [e.g. Gilchrist and Pollock, 2001, Smarsly et al, 2001] have 
assessed in detail the benefits of the replacement of compressor and low-pressure 
turbine blades by TiAl based alloys. Dimiduk [1999] concluded that if a TiAl alloy 
were to be used in the low pressure turbine section of an aircraft engine (GE90) as a 
turbine blade and nozzle material, the weight saving could be more than 136 kg. This 
weight benefit by the material substitution would come along with comparable to Ni 
superalloys specific strength in the temperature range of 600 °C to 760°C, better 
resistance to ignition and 50% higher stiffness than conventional Ti alloys.
Aircraft engine manufacturers such as General Electric .and Rolls Royce have tested 
‘on the ground’ components made of TiAl alloys [Gilchrist and Pollock, 2001, Walker 
and Glover, 2001 and Schafrik 2001]. Turbine blades, outlet nozzles, compressor 
cases, radial diffusers (to control the deceleration of compressor discharge gas into the 
combustor) and transition duct beams are some of the components that have been 
produced (usually by casting) and in many cases have passed successfully the long­
term tests.
As it can be seen in figure 2.7 there are three periods in the development of a material. 
The invention period is followed by a relatively long period for proof of feasibility 
and another long period for implementation. Depending on how critical a product is, 
its maturing time after crossing into the implementation period may last as long as a 
decade or more before it achieve acceptance in an aircraft turbine engine. Therefore, 
although many TiAl based components have passed the feasibility period they have 
not yet ‘ flown’ in an aircraft engine. The parts of the engine, where y-TiAl alloys are 
thought first to apply are static parts, such as compressor cases and air diffusers 
(figure 2 .8 a) and generally ‘ low-rislc’ and non-critical components (e.g. transition duct 
beams figure 2 .8b).
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Figure 2.7: Evolution of gamma titanium aluminide based products [Loria, 2000].
Figure 2.8: Static parts of a gas turbine engine made of y-TiAl based alloys (a) air 
diffuser (b) transition duct beams [Schafrik, 2001].
The implementation period might be shorter for automotive applications. Exhaust 
valves and turbocharger wheels, which are now made of Ni superalloys, can be a 
potential application (figure 2.9). The substitution of nickel alloys by y-TiAl reduces 
the mass of the compressor, improves the rotational response, reducing the so-called 
‘ turbolag ’ and thus increases the acceleration speed [Smarsly, 2001].
Figure 2.9: Automotive applications o f  y-TiAl based alloys [Smarsly, 2001].
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2.4. Oxidation of TiAl
2.4.1 Introduction
At temperature above 700°C, TiAl based alloys have poor oxidation resistance. This 
problem must be overcome in order for TiAl alloys to be used as high temperature 
structural materials. The effects of alloying elements, surface treatment and protective 
coatings on the oxidation resistance of TiAl have been investigated widely. The 
research for alloying additions to improve the oxidation resistance of TiAl based 
alloys was reviewed by Fergus [2002]. In mid 1990’s it was realised that the addition 
of Cr improved significantly the oxidation resistance of TiAl alloys [Brady et al,
1995]. Based on this knowledge, in recent years TiAlCr alloys were tested as coatings 
for the protection of TiAl.
It has also been reported that the presence of nitrogen is in some cases beneficial, in 
others detrimental to the oxidation resistance of TiAl based alloys [Brady et al, 
1997a]. There are apparent contradictory effects of nitrogen on the oxidation 
resistance of titanium aluminides.
Therefore, before we proceed to the oxidation resistant coatings, that have been 
studied by various researchers, the oxidation behaviour and the oxidation mechanism 
of Ti-Al and Ti-Al-Cr alloys need to be discussed briefly.
2.4.2 Oxidation Behaviour of Binary Ti-Al Alloys
Titanium is a strong oxide former, a strong nitride former, and can dissolve 
substantial amounts of oxygen (up to 25-30 at.%), which can cause hardening and 
embrittlement [Wiedemann et al. 1987, Kofstad, 1988], As it will be seen, the key 
issue for the oxidation behaviour of titanium aluminides is the similar stabilities of Ti 
and Al in oxygen, which can potentially hinder the formation of a homogenous AI2O3 
scale due to competition from TiCfy The formation of Ti-nitrides during oxidation in 
air, although it can provide a degree of protection under certain circumstances, it also 
interrupts the continuous (protective) A120 3 layer during the initial stages of 
oxidation. In this section the oxidation resistance of TiAl3, TiAl and TiAb
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intermetallic phases will be discussed. The Ti3Al is omitted since it behaves similarly 
with the a Ti phase, forming a rapidly growing titania scale upon high temperature 
oxidation.
2.4.2.1 TiAl3
The TiAl3 phase is extremely brittle at ambient temperatures [Yamaguchi et al, 1987]. 
It is capable of A120 3 scale formation in oxygen [Umakoshi et al, 1989] and air 
[Smialek and Humphrey, 1992] for short times or exposures below 1000°C. The 
TiAl3 does not melt congruently and rapid cooling during casting can result in the 
formation of second phases such as Al. Smialek and Humphrey, [1992] attributed the 
anomalous high oxidation rates they observed to the oxidation of an Al second phase.
The primary interest in the TiAl3 has been as an oxidation resistance coating. It is 
usually the main phase formed during aluminising of Ti-alloys (including a2, 
orthorhombic and y alloys) and is the source of the excellent isothermal oxidation 
resistance imparted by the aluminising treatment [Streiff et al, 1987, Subrahmanyam, 
1988, Smialek, 1993, Munro and Gleeson, 1996 and Brady et al, 1996], There are, 
however, interdiffusion problems with TiAl3 coatings on lower Al containing 
substrates, which can lead to breakaway oxidation due to Al loss.
Additionally, as noted by Smialek [1993], TiAl3 coatings are brittle and exhibit 
mismatches in coefficient of thermal expansion with intermetallic substrates based on 
the Ti-Al system. This leads to cracking and to loss of protection. The situation is 
expected to worsen under mechanical loading, especially fatigue [Kearns and Restall, 
1989 and Brady et al, 1996]. It is, therefore, unlikely that TiAl3 coatings can 
effectively protect conventional Ti alloys or Ti-Al intermetallic alloys under 
conditions of thermal cycling and/or mechanical loading.
A possible exception may be the sputtered TiAl3 based gradient and multilayer 
coatings studied by Leyens et al. [1997a], which have been shown to improve the 
isothermal and cyclic oxidation resistance of titanium alloys below 520°C.
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2.4.2.2 TiAl
The oxidation behaviour of the y phase is extremely complex and can be significantly 
influenced by seemingly secondary factors such as the presence of nitrogen 
[Choudhury et al, 1976] or water vapour [Kremer and Auer, 1996, Brady et al, 1997a] 
in the oxidizing environment, surface preparation [Rakowski et al, 1996, Xin et al, 
2003], impurity level (0.1 at.%) additions such as P [Ikematsu et al. 1991] or Cl 
[Kumagai et al, 1996, Schutze and Hald, 1997], and microstructure under some 
conditions [Gil et al, 1993]. The y phase is best viewed as borderline for protective 
AI2O3 scale formation.
In competition with AI2O3 during the oxidation of the y phase are the many oxides of 
Ti (TiO, Ti2 0 3, Ti3Os, TLO7, and TiC/), although in practice the TiC>2 is mainly 
formed near atmospheric pressure [Kofstad, 1988]. The Ti02 grows at a much faster 
rate than A120 3, and is generally not considered protective above about 500-600°C. 
Under limited conditions in pure oxygen environments, the y phase can form an A120 3 
scale. However, in air, y titanium aluminides form an intermixed Al20 3/T i0 2 scale, 
which is protective only up to about 750-800 °C depending upon the specific alloy 
composition and subsequent scale make-up.
2.4.2.3 TiAl2
There have been very few studies of the oxidation behaviour and the mechanical 
properties of the TiAl2 phase. This is possibly due to the omission of the TiAl2 phase 
from some of the first Ti-Al phase diagrams produced in 1960’s and 1970’s [Benci 
and Ma, 1997]. A factor complicating the study of the TiAl2 phase is the difficulty in 
producing high quality, single-phase material because TiAl2 is a line compound, 
which does not melt congruently. It transforms into other phases prior to reaching the 
liquid (exact details of the high-temperature phase equilibria surrounding the TiAl2 
phase are still uncertain).
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The TiAl2 phase is extremely brittle at ambient temperature, although compressive 
plastic strains to failure of up to 5% have been reported at room temperature [Benci 
and Ma, 1997]. The available oxidation data [Meier et al, 1989, Benci and Ma, 1997] 
suggest that TiAF is capable of AI2O3 scale formation at 800°C in air, at least in short 
term («1 0 0 h ) exposures but may be marginal for AI2O3 formation at higher 
temperatures. Although 110 long-term studies of TiAl2 oxidation were found, 
complicating the oxidative lifetime of Ti0 2  is the potential to form a subscale layer of 
the TiAl phase due to a combination of the very limited solubility range of Al in TiAb 
and consumption of Al fromTiAfy to form AI2O3. Formation of an underlying subscale 
layer of the TiAl phase could degrade the ability to maintain AI2O3 formation in air. 
Due to the combination of brittleness and questionable oxidation resistance, the 
prospects for the TiAk phase to be used in elevated temperature structural 
applications are considered poor.
2.4.2.4 The Ti-AI-O system
The most stable oxide of Ti, TiO 01* Ti02, is nearly as stable as AI2O3. Therefore, the 
activities of Al and Ti in a given alloy could determine whether titania or alumina is 
the most stable oxide at that particular composition and temperature. Until recently it 
was believed that titania, not alumina, was the most stable oxide for the y+ot2 phase 
field and that alumina did not become the most stable oxide until the Al content in the 
y phase field exceeded 50-55 at. %A1. Knowledge of the most stable oxide is critical 
for both understanding oxidation behaviour and for guiding alloy development efforts 
to improve oxidation resistance because protective alumina scale formation cannot 
occur if AI2O3 is not the most stable oxide of the base alloy components.
The view that titania is the stable oxide for binary Ti-Al alloys containing less than 
about 50-55 at. %  Al was based 011 thermodynamic calculations by Rahmel and 
Spencer [1991] at 700°C, 900°C and 1100°C and Luthra, [1991] at 800°C (fig. 2.10). 
Similar calculations based on the recent measurements of Al and Ti activities in the 
Ti-Al system by Jacobson et al. [1999] also suggest that titania is the most stable 
oxide.
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Atomic Percent Aluminum
Phase Al% a T i ( s ) a^i2Oj(s) tor f l r iO ( s )  ~ 1
^ T i jO j (s )  t o r  
n A i i 0 3(s) “  1 > rrxio(s) “  1
a + a 2 12.6-24.4 2.8 x 10“ 4 0.81 1.3 x 10"6 —
a2+ y 36.5-49.5 3,8 x 10"3 0.18 0.02
a2 + y 25-50 0.0021 0.48 0.0003
Y 50 — — — 3 x 10~4
y + TiAl3 50-75 0.2 0.0048 3.5 x 106
0.062 0.0090 4.6 x 104
Figure 2.10: Plots of the activities of titanium and aluminium in the Ti-Al-O system 
as a function of composition for Ti-Al alloys at 800 °C. The data used for the 
calculations are shown in the table [Luthra, 1991].
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The figure 2.11 shows the isothermal section at 800 °C of the Ti-Al-0 phase diagram 
calculated by Luthra [1991] exhibiting a big TiO+AfCri+TiAl phase region. 
However, experimental determination of Ti-Al-0 phase equilibria show that alumina 
can be more stable than titania, not just in the y and y+a.2 phase field but for Ti-Al 
alloys containing below 25 at. %A1 [Zhang et al, 1993, Li et al, 1992, and Chen et al, 
1992].
Figure 2.11: An isothermal section of the Ti-Al-0 phase diagram at 800 °C. The dark 
region is the a-Ti phase field showing the high solubility of oxygen in titanium. The 
Ti-Al intermetallic compounds dissolve alsootconsiderable amount of oxygen. 
However, the solid solubility regions were not drawn on the diagram due to the lack 
of such data. The grey regions indicate the two phase fields of the oxides, which are 
assumed to be stoichiometric, with the titanium aluminides [Luthra 1991].
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Li et al. [1992] and Becker et al. [1992] have explained the differences between the 
thermodynamically calculated Ti-Al-0 phase diagram and the experimentally 
determined Ti-Al-0 phase diagram. They concluded that oxygen solubility in the 
intermetallic phases (in particular y and 0C2), which was neglected in the 
thermodynamic calculations, plays a critical role in stabilizing alumina 
Thermodynamic modelling by Li et al. [1992] and Lee and Saunders [1997] suggests 
that when the oxygen solubility in these phases is considered, the thermodynamically 
determined Ti-Al-O phase diagram can be optimised to match the experimentally 
determined Ti-Al-0 phase diagram.
There has also been recent experimental evidence that a new ternary TixAlyOz phase 
(or phases) may exist [Dowling and Donlon, 1992, Zheng et al. 1995, Cheng et al, 
1996, Shemet et al, 1997 and Copland et al, 1999]. This evidence comes primarily 
from characterization of the Al-depleted, oxygen enriched subscale region, which is 
often observed to form during oxidation of the y phase. Named by various oxidation 
researchers as the “Z” or “X ” phase, its composition falls in the range of Ti-(25- 
35)A1-(15-20)0 at. %. It is not yet clear whether the Z phase is stable [Shemet et al. 
1997] or metastable [Copland et al. 1999].
Chen et al. [1992] have reported a Ti-18Al-220 at. % phase during a phase equilibria 
study of arc-melted Ti-Al-O alloys. The existence of such Ti-Al-O phase(s), with 
unknown thermodynamic properties, could also account for the discrepancies between 
the thermodynamically calculated and experimentally determined Ti-Al-0 diagrams 
[Zheng et al. 1995].
Therefore, the experimental Ti-Al-0 phase diagram studies, unlike calculated 
diagrams, indicate that AI2O3 is stable oxide for the y+ot2 and y phase fields and there 
is no thermodynamic barrier to the formation of a protective AI2O3 scale. It is quite 
likely though that there is a related kinetic limitation for the formation of alumina, 
which does not exist for titania.
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2.4.2.S Effects of Alloying Additions
It is well established that ternary and higher order alloying additions can reduce the 
rate of oxidation of /-based alloys. Studies of the effects of alloying additions on the 
oxidation resistance of y-based alloys go back at least to the 1950’s [McAndrew and 
Kessler 1956]. Since then, there are extensive studies covering the effects of a large 
number of alloying additions (Ag, Au, B, Co, Cr, Cu, Fe, Hf, Mn, Mo, Nb, Pd, Pt, Si, 
Ta, V, W, Y, Zr) on the oxidation resistance of y-based alloys [Fergus 2002].
Despite the extensive literature on the subject, it is veiy difficult to make definitive 
statements as whether a given alloying addition is beneficial or not. This is due to the 
borderline AI2O3 forming nature of the y phase in combination with the differences 
from study to study in the level of the alloying addition, sample surface preparation, 
Al content, impurity level, alloy microstructure, and oxidizing conditions (including 
time, temperature, presence of nitrogen or water vapour, thermal cycling). It must be 
stressed that alloying additions to y and y +a2 alloys still do not result in continuous 
AI2O3 scale formation in air; a complex intermixed Al2 0 3/Ti0 2 scale continues to 
form, but the rate of growth of this scale is reduced. Exceptions are additions of Cr 
[Perkins et al. 1987, Perkins and Meier 1989, Berztiss et al. 1995, Brady et al. 
1997a,b, Wang 1997, Brady et al. 2000]. Some TiAlCr alloys are capable of 
continuous Al2 0 3 scale formation in air.
2.4.3 Oxidation Behaviour of Ternary Ti-Al-Cr Compounds
2.4.3.1 Laves Phases
Laves phases are topologically closed packed AB2 type intermetallic compounds in 
which the B atoms are smaller than the A  atoms [Livingston, 1992,1994 and Dumar, 
1997]. There are hundreds of binary (e.g. NbCiy) and ternary (e.g. NbNiAl) Laves 
phases, many of which have very high melting points. For example, the review of 
Livingston [1994] identifies at least 20 Laves phases with melting points in excess of 
2000°C (e.g. TaCty). Such Laves phases show promise for high-temperature strength 
and creep resistance, and are therefore of interest for high-temperature structural
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applications. However, they are extremely brittle at ambient temperatures (fracture 
toughness in the 1-2 MPa m1/2 range).
It is highly unlikely that a ductile, single Laves phase alloy for high-temperature 
structural applications will ever be produced. However, polyphase alloys, also 
referred to as “in-situ” composites, combining a Laves phase for high-temperature 
strength and more ductile phases for ambient toughness may be possible. It should be 
noted that in-situ composites are not limited to Laves phase containing alloys. Rather, 
the term in-situ composite refers to a diverse group of materials where compositions 
are selected so that two or more phases are combined in an attempt to produce a 
material with superior overall properties to either single-phase component.
There are few detailed studies of the oxidation behaviour of Laves phases. Much of 
the available oxidation data is of a “screening” nature, produced as part of an overall 
assessment of the report that Laves phases have “good” oxidation resistance. 
However, careful analysis reveals that this is often not the case. This discrepancy 
usually results from comparison of the oxidation behaviour of Laves phases with the 
oxidation behaviour of other “exotic” intermetallics examined in the screening study, 
rather than a comparison with a known protective C12O3, BeO, AI2O3 or Si02 forming 
alloy.
Laves phases other than those based on Cr, Be, Al, or Si, (to form Cr20 3, BeO, AI2O3, 
or Si02 protective scales) are not expected to exhibit long-term oxidation resistance at 
high-temperatures. There are no binary silicide Laves phases [Livingston, 1994]. 
However, a number of ternary silicide Laves phases do exist for example, Mo (Co, 
Si)2-
Many of the Laves phases that are rich in Cr or Al are paired with elements that have 
similar or greater thermodynamic stability in oxygen (HfCr2 and HfAl2 for example). 
A protective oxide scale cannot form if it is not the most thermodynamically stable 
oxide of the base alloy components. Further, Laves phases tend to be line compounds 
or of a limited solubility range [Thoma and Perepezko, 1995]. This lack of extended 
solubility can lead to the formation of less oxidation-resistant phases beneath the scale 
which, when consumed, disrupt the formation of a continuous protective scale.
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According to the literature, there is no binary Laves phase capable of long-term 
protective C12O3 or AI2O3 scale formation over a wide range of temperatures. 
However, some studies have shown that oxidation-resistant Laves phases are 
achievable via alloying [Brady et al, 1996].
Alloying can significantly extend the solubility range of Laves phases [Thoma and 
Perepezko, 1995]. Moreover, most binary and ternary Laves phases can incorporate 
substantial amount of Cr, Al or Si [Livingston, 1994]. For example, the TiCiy Laves 
phase can contain up to 40-42 at. % Al, which results in the ability to form a 
protective AI2O3 scale in air, especially when is combined with the TiAl or T1AI3 
phases in a two-phase alloy [Brady et al. 1995, 1997a,b]. The key to the development 
of alloys that are suitable for structural applications lies in the ability to combine such 
oxidation-resistant Laves phases with a ductile matrix phase which itself exhibits a 
degree of oxidation resistance.
Attempts to develop Laves phases for high-temperature structural applications are not 
new. For example, Kubaschewski and Schneider reported a study of the oxidation 
resistance of Cr-refractory metal systems in the range of the NbCr2 and TaCr2 Laves 
phases in 1949. More likely in the near term is development of new oxidation- 
resistant coating alloys based on Laves phases. For example, current candidate 
oxidation-resistant coatings for the class of titanium aluminides include Ti(Cr,Al)2 
Laves phase containing alloys [Brady et al, 1996, Leyens et al, 1997b, Tang et al, 
1997].
2.4.3.2 t Phase
The Al-Ti-X (X = V, Cr, M11, Fe, Co, Ni, Cu, Zn) t phases belong to a family of cubic 
L l2 alloys. They are primarily based on the substitution of about 10 at.% of transition 
metal X  for Al in TiAL [Kumar 1993, Mikkola et al, 1991 and Morris et al, 1996]. 
They were the subjects of intense study in the late 1980's and early 1990's because of 
their combination of low density, softness at ambient temperatures and potential for 
high-temperature oxidation resistance due to their high Al content.
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Although significant ambient compressive ductility was demonstrated, the lack of 
ambient tensile ductility has not been overcome and interest in these alloys for 
structural applications has decreased in recent years.
The Al-Ti-X t phases exhibit a small to moderate range of Al solubility, although the 
solubility range of at least some x phase fields (X = Ni, Fe, Cr) shrinks with 
decreasing temperature [Mazdiyasni et al, 1989]. Nevertheless, from the oxidation 
point of view, even small range of Al solubility makes the x phases more attractive 
than line compounds such as TiAl2 and TiAl3. The added Al solubility range may 
lessen the likelihood for the formation of lower Al-containing phases at the alloy/scale 
interface caused of the Al consumption to form Al2 0 3.
Oxidation studies indicate that x alloys do indeed form protective A120 3 scale, with 
the best behavior reported for X  = Cr [Parfitt et al, 1991, Hirukawa et al. 1991], Ni 
and Fe [Chen et al, 1992] additions. Additions of X  = Mn [Parfitt, et al, 1991, 
Hirukawa et al, 1991], Mn + V [Parfitt et al, 1991], and Ag [Hirukawa et al, 1991] 
result in x alloys that are not as oxidation resistant.
There has been interest in Ti-Al-Cr x phase for oxidation resistant coating 
applications, especially for the y-TiAl based alloys [Brady et al, 1996, Dewald and 
Miklcola, 1996, Leyens et al, 1997b, Park et al, 1997]. However, the drawbacks of 
the TiAl3 coatings (brittleness and thermal expansion coefficient mismatch with the 
substrate) hold true for x phase coatings as well, although recent work has shown no 
adverse effect on high cycle fatigue life for plasma sprayed Ti-Al-Cr x phase coatings 
on Ti-47Al-2Cr-2Nb (760°C in air) and Ti6242S (535°C in air) substrates.
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2.4.4 Nitrogen Effect on the Oxidation Behaviour of TiAi-based Alloys
It has been found that the oxidation resistance of titanium aluminides differs 
significantly in air and oxygen [Choudhury, 1976, Becker, 1992]. For binary alloys 
containing 50-54 at% Al, Choudhury et al [1976] and Meier et al [1993] observed 
higher oxidation rates in air than in oxygen. Becker et al [1992] observed a higher 
oxidation rate in oxygen than in air at 900°C for Ti-50A1 and Ti-49Al-lV. However, 
at 1000°C they found the opposite effect for the Ti-50A1. Zheng et al [1995] found 
higher oxidation rates in air than in argon-oxygen mixture for the Ti-50A1 and lower 
for the Ti-48Al-5Nb.
Binary y alloys can form a continuous AI2O3 scale at temperatures up to about 1000°C 
in pure oxygen but do not form a continuous AI2O3 scale in air [Choudhury et al. 
1976]. Approximately 60-70 at.% Al is needed for binary Ti-Al alloys to form a 
continuous AI2O3 scale in air (generally corresponds to the TiAl2 and TiAl3 phases), 
while only about 47-49 at.% Al is needed in pure oxygen (Al-rich side of the y + a2 
two-phase field) [Meier et al., 1989]. The AI2O3 formation in oxygen is significantly 
influenced by surface preparation, with AI2O3 generally observed on rough surfaces 
but not on highly polished surfaces [Rakowski et al, 1996].
Reduced oxidation resistance of y alloys in air as compared with oxidation in pure 
oxygen is commonly referred to as the "nitrogen effect". The nitrogen effect is 
significant because most y-based alloys contain sufficient Al for continuous AI2O3 
scale formation in oxygen, a major consideration toward extending the upper 
temperature limit of these alloys beyond the current 750-800°C limitations but cannot 
form such a protective AI2O3 scale in air. Most engineering applications will involve 
exposure to an air-based environment rather than pure oxygen.
The nitrogen effect has been the subject of intense, fundamentally oriented studies 
aiming towards developing a mechanistic understanding of this phenomenon [Meier 
et al, 1989, Becker et al, 1992, Rakowski et al, 1995, Zheng et al, 1995 and 
Quadakkers et al, 1997]. Rakowski et al, [1995] proposed that the inability of binary y 
alloys to establish continuous AI2O3 scales between 800°C-900°C in air is related to
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the formation of TiN during the initial stages of oxidation. Cross-section transmission 
electron microscopy (TEM) analysis of the scale formed on Ti-50A1 after 1 h at 
900°C in air revealed an alternating sequence of TiN and AI2O3 at the metal/scale 
interface. The presence of TiN in this layer was postulated to interrupt the 
establishment of a continuous AI2O3 scale. As oxidation proceeds, the TiN is 
subsequently converted to TiCfy This process results in the formation of an 
intermixed A^Ch/TiC/ scale, rather than a continuous AI2O3 scale.
The mechanism proposed by Rakowski et al [1995] provides a widely accepted 
explanation for the nitrogen effect. It is clear that processes occurring at the 
alloy/scale interface during the initial stages of oxidation do play a critical role in 
whether or not a continuous AI2O3 scale is formed. However, a detailed understanding 
of this behaviour is yet to be achieved.
Among the key details to be resolved is the role played by Al depletion during 
oxidation. Lang and Schiitze [1996, 1997] have proposed that the Ti-nitride at the 
alloy/scale interface is formed by the consumption of a 2-TisAl nuclei which form by 
depletion of Al from the y phase when oxidized to AI2O3. This view is supported by 
the thermodynamic assessment of Zeng and Schmid-Fetzer [1996] who calculated that 
the PN2 for nitridation of TiAl is four orders of magnitude higher at the Al-rich side of 
the y phase field than at the Al-lean side [Schmid-Fetzer 1997]. Further study to fully 
elucidate the details of the nitrogen effect is needed, especially with regards to the 
effect of Al content since most work to date has been performed only for binary TiAl 
alloys in the 48-50 at.% Al range. The role of alloying additions in influencing nitride 
formation at the alloy/scale interface should also be studied further.
Finally, it should be noted that although Ti-nitride formation is detrimental to the 
formation of a continuous AI2O3 scale during the initial stages of oxidation, it may be 
beneficial during long-term oxidation if a continuous Ti-nitride layer is established 
[Locci et al, 1997, Quadakkers et al, 1997].
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2.5 Oxidation Resistant Coatings for TiAl-based Alloys
As mentioned above TiAl based alloys are expected to be used in high temperature 
applications, such as low pressure turbine blades and other components in gas turbine 
engines owing to their high specific strength at elevated temperatures. However, there 
are two important drawbacks with the y-TiAl intermetallic compound as an 
engineering material: the first is its poor room temperature ductility and the other is its 
poor oxidation resistance above 800°C. The former has been generally overcome by 
modification of the micro structure using ternary element additions, such as Cr, Nb, Si 
or W. However, the improvement of the oxidation resistance by the addition of other 
alloying elements is not adequate for structural applications. Furthermore, these 
alloying elements may have a deleterious effect on the mechanical properties of the 
material. Therefore, surface treatments are thought to be more effective.
Overlay MCrAlY coatings deposited either by pack cementation, physical vapor 
depostion, or thermal spraying techniques were initially used to improve oxidation 
resistance of TiAl based alloys [Smialek et al 1990, Tang et al 1998]. The MCrAlY 
coatings are members of a large category of alloys that are successfully used for the 
protection of Ni superalloys. These alloys are predominantly Ni, Co or Fe based (or 
sometimes a combination of them). The balance of the composition consist of Cr, Al, 
with approximately 1% Y. These coatings are extensively applied as oxidation 
resistant coatings for Ni superalloys or as bond coatings between a superalloy 
substrate and a ceramic thermal barrier coating. Despite this protection though, in 
aggressive environments, serious problems can occur between the TiAl substrate and 
the coating, due to the poor compatibility between them.
The compositional differences at the high working temperatures of these materials 
cause diffusion of elements from the substrate to the coating and vice versa. For 
example, in the case of a NiCrAlY coating deposited on a TiAl component with 
working temperature 800 °C, Ni migrates from the coating towards the base metal, 
while Ti follows the reverse direction. This interdiffusion of elements across the 
interface results in the formation of a diffusion layer which has different composition 
and micro structure from both the coating and substrate, hi this example of the
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NiCrAlY coating the diffusion layer consists of the hard and brittle phase AlNi2Ti 
which affects the fatigue resistance properties of the substrate adversely and 
deteriorates the coating adherence to the base metal [Tang et al 1998].
Another problem that appears in MCrAlY coatings on TiAl alloys is the formation of 
cracks in the coating, especially during cyclic oxidation [Tang et al 1998b]. The 
cracks are created due to the thermal expansion coefficient mismatch between the 
substrate and the coating. As it can be seen in the following table, MCrAlY alloys 
have thermal expansion coefficients closer to those of the superalloys, which should 
be expected since MCrAlY alloys were mainly developed for the protection of the Ni 
superalloys.
Material Thermal expansion coefficient (x 1 0 ‘ 6 °C'1)
CoCrAlY 19
NiCrAlY 17
Inconel 718 17
K17 17.3
K38G 16.1
TiAl3 15
TiAl 14.4
Ti-50Al-10Cr 13.5
A120 3 8.3
Table 2.3: Thermal expansion coefficients of superalloys and TiAl based alloys [Tang 
et al, 1998].
Because of all the problems mentioned above, the idea of using MCrAlY alloys as 
oxidation resistant coatings for Ti aluminides was soon abolished. The research was 
then focused on Ti-Al based coatings, which are more compatible to Ti aluminide 
alloys. The elements Cr, Nb, are used as alloying elements in these coatings to 
balance the composition so that particular phases with good behaviour in oxidative 
environments appear in the structure of the coating (e.g. Laves) and improve 
oxidation resistance.
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Zhou et al [2001] investigated the effect of two Ti-Al-Cr coatings (Ti50A110Cr and 
Ti50A115Cr) on the high temperature oxidation resistance of TiAl. Coatings were 
deposited by magnetron sputtering on y-TiAl substrates. High temperature oxidation 
behaviour was tested by isothermal oxidation in static air at 900, 950 and 1000 °C. 
Cyclic oxidation tests were also performed at 950 and 1000 °C in static air. Weight 
gain was measured and parabolic rate constants were calculated. The microstructure 
of the studied coatings consisted of y and Laves phase. The grain size in the coating 
was smaller compared to the grains of the as-cast TiAlCr alloys.
Increasing the Cr content in the coating alloy composition the volume fraction of 
Laves phase in the micro structure is also increased while the oxidation rate is 
decreased. The oxidation parabolic rate was lower at 1000 than at 950 °C. This 
phenomenon was attributed to the effects of temperature on the diffusivities of Al and 
O in the TiAlCr coatings. The oxide formed on the Ti50A110Cr coating was a mixture 
of TiC>2 and AI2O3. On Ti50A115Cr the titania to alumina ratio was much lower and 
during the oxidation almost only a thin layer of AI2O3 was created. In both cases 
surface scale morphology exhibited small round grains and appeared compact and 
dense in cross-section [Zhou et al, 2001].
Leyens et al [1997] studied Ti-Al-X coatings (where X  = Cr, Nb) with compositions 
in the x and in the y + Laves phase field, deposited by magnetron sputtering on 
conventional near — a titanium alloy (TIMETAL 1100) and on second generation y- 
TiAl based alloy (Ti-48Al-2Cr-2Nb). The microstructure of the coatings consisted of 
very fine columnar grains (diameter of each column less than 1 pm) with a submicron 
columnar substructure in each column, while macroscopically the coatings had dense 
morphology and were free of cracks. The phases observed in the as-deposited 
coatings were metastable and after annealing at 750 and 900 °C, transformed into y 
TiAl, Laves TiCfy or x (Ti2CrAl5), depending on the composition of the coating.
The oxidation resistance of these coatings was evaluated using isothermal tests at 750 
°C and 900 °C. It was shown that the Ti-63Al-7Cr coating exhibited the best oxidation 
resistance both at 750 and 900 °C. It was also stated that the maximum application 
temperature for Ti-Al-Cr oxidation protective coatings for titanium alloys and 
titanium aluminides, should be in the order of 750-800 °C rather than 900 °C.
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Park et al [1997] investigated the possibility of applying (Al,Cr)3Ti two phase based 
alloys as coatings for TiAl. They used RF magnetron sputtering method to deposit a 
10 pin thick film with composition Ti-56Al-23Cr on a Ti-48A1 substrate and 
examined its isothermal oxidation behaviour at 800, 900 and 1000 °C for lOOh. They 
reported that the coating was amorphous when the substrate temperature during the 
deposition was 300 °C but crystallized during the oxidation test to form a two phase 
(TiAl3 and Cr2Al) micro structure. At 400 °C deposition temperature, the coating 
appeared to have columnar structure with (111) preferred orientation. It was found 
that the initially amorphous coating (300 °C deposition temperature) that crystallized 
during the oxidation test formed a protective A120 3 layer and exhibited the best 
oxidation resistance. It was also noted that the parabolic oxidation stage continued up 
to 1 0 0  hours at all temperatures.
2.6 The Role of Laves Phases in Oxidation Resistant Coatings for 
TiAl-based Alloys
Perkins and Meier [1989] discovered that additions of at least 8-10 at.% Cr to Ti-Al 
decreased the level of Al needed for A120 3 scale formation in air from approximately 
60-70 at.% Al to as little as 33 at.% AL This “Cr effect” has been the subject of 
research by Berztiss et al. [1995], Brady et al. [1997a,b], Wang et al. [1997]. As we 
have seen interest in the Ti-Al-Cr system derives from the potential of such alloys as 
oxidation-resistant coatings for the y + a 2 class of titanium aluminides [Brady et al. 
1996, Leyens et al. 1997, Tang et al. 1997].
Perkins and Meier, [1989] stated that the key to the formation of the protective A120 3 
scale and to the improved oxidation resistance of these alloys is the Ti(Cr,Al) 2 Laves 
phase. Jewett et al. [1996] suggested that this phase is the binary TiCr2 Laves phase 
with Al substituting for Cr. Both two-phase y (or t) + Laves phase alloys and single 
phase Ti(Cr,Al) 2 Laves phase are believed to exhibit protective A120 3 scale formation 
under long-term isothermal and cyclic oxidation conditions at temperatures up to at 
least 1000°C in air. Brady et al. [1997a,b] attributed the Al20 3-forming ability of the
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Ti(Cr,Al)2 Laves phase to a combination of low oxygen permeability and a high Al to 
Ti activity ratio due to equilibrium with the Al-rich y phase.
Doychak and Hebsur [1991] found that the improved oxidation resistance of y + 
Laves phase Ti-Al-Cr alloys was associated with the formation of an intermetallic 
phase at the alloy/scale interface. They suggested that the Ti(Cr,Al)2 Laves phase 
forms at the alloy/scale interface instead of the Ti^Al and/or Z /X  phases observed in 
the oxidation of binary TiAl. Despite the relatively low Al content of the Laves phase 
(approximately 40-42 at.% Al), an alloy consisting primarily of this phase was found 
by Doychak and Hebsur [1991] to be capable of AI2O3 scale formation at 1200°C in 
air.
In y + Laves phase alloys, the y phase acts as an Al reservoir for the Laves phase 
which contributes to the ability of the alloys to maintain AI2O3 scale formation during 
long-term exposures. As an intermetallic compound the Ti(CrAl)2  Laves phase is 
quite brittle [Brady et al. 1995]. However, the TiAl phase is capable of a limited 
degree of ambient ductility and was utilized as a matrix in the y + Laves phase alloy 
Ti-51Al-12Cr to improve ambient toughness for coating applications [Brady el al.
1996].
Brady et al. [1997a] speculated that the excellent oxidation resistance of alloys 
containing the Ti(Cr,Al)2 or others Laves phases such as Nb(Cr,Al)2 may represent a 
new group of oxidation resistant materials. For instance, they observed AI2O3 scale 
formation at 1000°C in air in the Ti-Al-Fe system for Ti-53Al-llFe at.%. The alloy 
consisted primarily of the y-TiAl phase and an intermetallic phase thought to be the 
Ti(Fe,Al)2 Laves phase.
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2.7 Coating Techniques
There are many methods to apply overlay coatings to substrates. Depending on the 
substrate and coating materials, the coating thickness and the properties required, the 
appropriate technique should be chosen each time. Some of the most common coating 
techniques are:
® Electroplating
• Thermal spraying
• Painting
• Chemical Vapour Deposition (CVD)
• Physical Vapour Deposition (PVD)
The oxidation protective coatings that are studied in this work can be deposited by 
PVD and thermal spraying. These two methods, along with some modern CVD 
techniques, are considered as the most advanced coating techniques nowadays. The 
following table summarises the different processing ways that have been developed in 
each technique.
Thermal Spray
Arc spray
Plasma spray
High velocity oxy-fuel (HVOF)
Detonation gun
Chemical Vapour Deposition
Low pressure CVD
Plasma enhanced CVD (PE-CVD)
Photochemical and laser CVD
Physical Vapour Deposition
Thermal evaporation
Electron beam evaporation (EB-PVD)
Sputtering
® Direct current (DC) sputtering 
® Radio frequency (RE) sputtering
• Balanced /Unbalanced magnetron sputtering
• Sputtering with biased/non-biased substrate
• Reactive sputtering
• Triode assisted PVD
Table 2.4: Advanced coating deposition techniques [Singh et al, 1999]
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In table 2.5 the three techniques are compared in terms of cost, process conditions and 
coating properties. In the same table the development of each technique in the last two 
decades is also shown.
Process
Characteristic
1970’s 1990’s
PVD CVD Thermal
spray PVD CVD
Thermal
spray
Cost High Medium Low Moderate Medium Low
Coverage Line of sight Confonnal
Line of 
sight
Line of 
sight Confonnal
Line of 
sight
Coating
Properties Good Good Poor Good Good Good
Deposition
rate Low Moderate
Veiy
High
Moderate-
High
Moderate-
High
Very
High
Thickness pm pm-mm mm nm- /am pm-mm /um-mm
Table 2.5: Comparison of coating techniques in the past and nowadays [Graham, 
1999]
2.7.1 Sputtering PVD
Sputtering PVD is one of the techniques that can produce physical vapour deposited 
coatings from a solid target material. The sputtering involves the physical 
vaporization of atoms from the surface of a solid material by momentum transfer from 
bombarding energetic particles (ions of a gas). The energetic ions are accelerated and 
directed to the target material by an electric field [Mattox 1997].
The main difference from other PVD techniques such as evaporation, is that in 
sputtering the material to be deposited transforms from solid to vapour state and an 
atom-by-atom deposition occurs, while in evaporation the solid material is heated, 
melts and from the liquid state passes to vapour.
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Grove in 1852 and Pulker in 1858 first observed sputtering. The first coatings 
produced by sputtering were made by Wright in 1877. Edison patented a sputter 
deposition process for depositing silver on wax photograph cylinders in 1904 
[Wehner 1955, Kay 1962 and Maissel 1966]. Since then researchers have invented 
many different variations of sputtering, such as magnetron sputtering, which uses a 
magnetic field to confine the motion of secondary electrons to near the target surface 
and offers higher deposition rates (planar, balanced or unbalanced), AC, DC or RF 
sputtering. The latter gives the opportunity to sputter a non-conductive material (e.g. 
polymer or ceramic target) and produce coatings of it.
2.7.2 Radio Frequency (RF) Sputtering
RF sputtering is the technique used for the preparation of coatings in this work. 
Therefore, the technique will be described more thoroughly in this section. As fife 
sputtering developed, it was thought useful to invent a manner to make coatings from 
non-conductors by sputtering. That was impossible with conventional sputtering 
techniques because it is essential to apply a negative voltage to the target, and that can 
be done only with conductive materials.
CONDUCTOR
NONCONDUCTOR
GROUNDED SHIELD
ION SHEATH
Figure 2.12: Radio frequency sputtering target for non-conductors [Stuart 1983].
By using a target arrangement like the one shown in figure 2.12 and by applying 
negative bias to the conductive plate behind the non-conductor it is possible to attract 
gas ions to the target and make them sputter the non-conductor. However, very soon 
(in less than 1 0 '7 sec) a positive charge will build up on the surface of the insulator 
and will counteract the negative potential applied to the conductor. A  change in the 
connections of the power supply would solve the problem, since it would charge 
positively the conductor. Electrons, then, would be attracted to the insulator and very 
quickly (in less than 1 0 '9 sec) a negative charge would build up on the surface of the
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insulator and sputtering of its surface with gas ion would subsequently restart. The use 
of alternating current (AC) is not enough because the frequency of current reversals 
(50 Hz in the typically used AC) is very low to provide an adequate sputtering time of 
the insulator surface. Wehner in the 1950’s suggested that the use of radio frequency 
current would make possible the sputtering of non-conductive materials.
In figure 2.13 a typical RF circuit is depicted. It consists of the radio frequency 
generator, which usually has a 13.56 MHz frequency, the matching network, the 
target and the substrate support plate. The output impedance of the generator is 50 Q, 
in order to match the impedance of the regularly used transmission cables, and must 
match the circuit’s load impedance. The actual load of the circuit, in fact the target, is 
effectively a capacitor with impedance different than 50 Q. In order to have a good 
operation of the circuit it is essential to match the target impedance to 50 Q. That is 
the role of the matching unit, which equalizes the impedance in the circuit with that of 
the generator by adjusting the power of either capacitors or coils.
Figure 2.13: A typical RF sputtering PVD system [Stuart 1983]
The reading of a reflected power gauge on the RF generator assists the tuning of the 
load impedance. When the impedance in all parts of the circuit is the same with the 
generator’s impedance, the reflected power is reduced to zero. lif oM^the reflected 
power gets too high the generator may be destroyed, hi the beginning of sputtering the 
target heats up and consequently its impedance changes. After 5-10 minutes a balance 
in the circuit is achieved and no more impedance tuning by the matching unit is 
needed.
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In most of the RF circuits there is also a power divider unit (separately or built-in the 
matching unit) which can split the power between the target and the substrate support 
plate, when we want to apply bias to the substrate and sputter the forming coating 
during the deposition. If bias is not applied to the substrate, then the substrate is 
grounded as well as all the parts of the chamber and the items in it (except for the 
target). In this case the biased target together with all the grounded portions of the 
chamber and the substrate base plate form a simple diode system where the plasma is 
created in much the same manner as in the original DC glow discharge system.
The main advantages of RF sputtering compared to conventional DC sputtering are:
• It can operate at lower pressures 
® Produces a more stable plasma 
® It is capable of higher deposition rates
® It can produce coatings from both conductive and insulating materials
2.8 Nucleation and Growth of PVD Coatings
The formation of coatings produced by physical vapour deposition techniques, either 
evaporation or sputtering, includes the condensation of the vapour species on the 
substrate, the formation of nucleation sites on the substrate surface at the initial stages 
of the deposition and the growth of the coating.
2.8.1 Condensation and Nucleation
The two main processes involved in condensation are the arrival of the coating atoms 
at the substrate surface and the motion of these atoms on the surface. Coating atoms 
incident on the surface of the substrate can bounce off the surface, become adsorbed 
for a finite time or adsorb and stick permanently. The deposited atoms generally 
transfer sufficient energy to the substrate so that they become loosely bonded species 
known as adatoms [Thornton, 1988].
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These adatoms can diffuse at a certain distance depending on their initial energy. 
Evaporated atoms have energies between 0.1 and leV, while sputtered atoms may 
have energies from lOeV to more than 50eV for magnetron sputtered atoms. 
However, due to the loose bond with the substrate the adatoms can be desorbed easily 
from the substrate if they collide with another impinging atom.
Depending on the rate of impingement of the atoms from the gas phase to the 
substrate and their energies stable or metastable clusters of atoms start to form on the 
surface of the substrate. All the clusters that are bigger than the critical size (stable 
clusters) act as nucleation sites, which grow by binding diffusing atoms or by a direct 
impingement of atoms. The growing nuclei tend to coalesce and in this way form a 
continuous film. Figure 2.14 summarizes the processes in the nucleation and growth 
of a coating on a substrate.
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Figure 2.14: Processes in the nucleation and growth of a coating on a substrate 
[Jehn, 1992]. .
Generally, at high deposition rates and at low substrate temperatures the critical 
nucleus size is small and the nucleation rate is higher resulting in a dense and uniform 
coating. The size, shape and the distribution of the nuclei on the surface of the 
substrate affect the structure of the coating built on these nuclei (Figure 2.15).
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Figure 2.15: Schematic diagrams showing the influence of nuclei size and shape on 
the coating structure (a) Spherical nuclei formed at slightly varying direction of 
impinging atoms, result in a coating with dense columnar structure and smooth 
surface, (b) Big nuclei formed at low substrate temperature and no surface diffusion 
conditions with parallel flux of impinging atoms. Preferential growth of the coating at 
particular crystal planes results in a rough surface, (c) At higher substrate 
temperatures surface diffusion enhances the formation of smaller nuclei and equal 
growth rate for all the crystal planes. Dense structures with a relative smooth but 
faceted surface are formed, (d) Structure of a coating where repeated nucleation 
occurs during its growth [Thornton, 1977]
2.8.2 Growth of Coatings -  Structure Zone Models
Condensation of impinging atoms on the surface of the already formed film, surface 
diffusion and desorption are also important for the growth of the coating. 
Furthermore, bulk diffusion is of equal importance for the growth of the coating and 
may control the structure of the forming coating at high deposition temperature.
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Under certain conditions repeated nucleation may occur during the growth of the 
coating resulting in the coating morphology shown in figure 2.15 d.
Many attempts have been made to simulate the growth of PVD coatings at various 
deposition conditions. However, the most useful tool for selecting the optimum 
deposition parameters for making a PVD coating is still the structure zone models 
which were first proposed in the late 60’s. These models correlate the morphology of 
PVD coatings with some deposition parameters independently of the coating material.
First, Movchan and Demchisin [1969] defined three structure zones (figure 2.16) in 
evaporated films (0.3 -  2 mm thick) depending on the homologous temperature 
(Ts u b s tr a te /T m e lt in g )• Zone 1 was defined up to 0.3 Ts/Tm and was characterized by a 
porous structure of free-standing columns with rounded tips. For homologous 
temperature between 0.3 and 0.5 Movchan and Demchisin found that the structure of 
the deposit changed and became more dense consisting of finer columns. Moreover, 
in zone 2 the surface of the coating would appear rather smooth. Finally, a third 
structure zone was defined for homologous temperature above 0.5, which consisted of 
dense and coarse columns. In all zones it was found that the diameter of the columns 
increased with raising temperature.
Figure 2.16: Movchan and Demchisin [1969] structure zone model.
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Thornton [1974 and 1975] modified the structure zone model of Movchan and 
Demchisin by adding sputtering pressure as a parameter (figure 2.17). He found that 
the structure zones were shifted to higher temperatures with increasing Ar pressure in 
the chamber during deposition. Based on microscopic studies of various PVD 
coatings with thicknesses around 200pm Thornton characterized the three structures 
of the Movchan and Demchisin model as following:
Zone 1: Porous, tapered crystallites separated by voids 
Zone2: Large columnar grains 
Zone 3: Coarse grain structure
In addition to the three structure zones, Thornton introduced a fourth one named as 
zone T that he proposed as a transition zone between zone 1 and zone 2. This 
structure zone was characterized as:
Zone T: Densely packed fibrous grains
TRANSITION STRUCTURE 
CONSISTING OF 
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FIBROUS GRAINS
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CRYSTALLITES SEPARATED 
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Figure 2.17: Thornton’s structure zone model [Thornton, 1975]
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According to Thornton, zone T structure is a zone 1 structure with crystal sizes that 
are difficult to resolve and appear fibrous and with boundaries that are sufficiently 
dense to yield respectable material properties [Thornton, 1986].
Messier et al [1984] modified Thornton’s structure zone model in order to show the 
influence of the energy of the incident ions in case bias is applied to the substrate 
during the deposition. As it can be seen in figure 2.18, the zone T is widened to lower 
temperature by increasing bias voltage at the expense of zone 1. This is caused by an 
ion bombardment induced mobility of the surface atoms.
Figure 2.18: Messier et al [1984] structure zone model
All the structure models reflect the effect of substrate temperature, impinging rate, gas 
pressure and substrate bias on the coating structure. In addition, other parameters such 
as the position of the substrate in relation to the target (angle of incidence), the 
substrate surface pre-treatment (mechanical, chemical cleaning) and properties 
(roughness) can affect the structure. The models were developed based on the 
microscopical observations of thick elemental (mostly metallic) coatings but have also 
been tested and apply quite well for evaporated or sputtered compound films.
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2.9 Stresses in the PVD Coatings
During physical vapour deposition stresses are induced in the forming coating. These 
residual stresses, which can be either tensile or compressive depending on the process 
deposition parameters, can influence the properties of the coating-substrate system. 
For instance, high residual film stress can result in a loss of adhesion between the 
coating and the substrate. The stresses induced in the film can be adjusted so as to 
improve the properties of the coating-substrate system. For example, a coating with 
tensile stresses induces balancing compressive stresses in the surface of the substrate. 
In case of a brittle substrate this can act beneficially for its fracture toughness, since 
an applied tensile strength must overcome the residual compressive stress in the 
substrate before crack opening and subsequent growth start.
Many researchers have studied the residual stresses in PVD coatings [e.g. 
Windischmann 1992 and Hoffman 1994], It has been concluded that the process 
parameters that affect significantly the residual stresses in sputter deposited coatings 
are the gas deposition pressure and the substrate applied bias. A  transition deposition 
pressure has been defined where compressive residual stresses become tensile by 
increasing the gas deposition pressure. Similarly, a transition from compressive to 
tensile coating residual stresses occurs by decreasing the substrate applied bias during 
the sputtering deposition.
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Figure 2.19: Residual stress in Ti films as function of Ar deposition pressure(in the 
left graph) and substrate bias at 3 mTorr deposition pressure (in the right graph) 
[Ljungcrantz et al. 1993]
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Ljungcrantz et al. [1993] studied the residual stresses and fracture properties of 
magnetron sputtered Ti films on Si substrates with deposition temperatures below 
250°C. They found that the residual stresses of the films changed abruptly from 
tensile to compressive by decreasing Ar deposition pressure and by increasing 
negative substrate bias, as the energy of the particles bombarding the film surface 
during growth increased. They reported that the films with high compressive residual 
stresses were fully dense with columnar structure, which became more equiaxed at the 
higher substrate biases, while the films with high tensile residual stresses had a less 
dense columnar structure with porosity between the columns. They also defined the 
transition gas deposition pressure and the transition substrate bias (figure 2.19).
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Chapter 3
3 Experimental Procedures
3.1 Introduction
The experimental work is described in this chapter. The selection of the coating 
materials is justified in section 3.2. The equipment and the processing parameters for 
the preparation of the coatings are then discussed. Details about the analytical 
techniques employed for the study of the coatings are also given in this chapter.
3.2 Selection of Coatings
Two basic coatings were selected to be studied in this work. The selection was based 
on the results of previous research on the Ti-Al-Cr system and particularly on the 
oxidation behaviour of phases in this system. Phase equilibria and solidification 
processes in the Ti-Al-Cr system have been studied extensively lately [Shao and 
Tsakiropoulos 1999, Shao and Tsakiropoulos 2000, Jewett and Dahms 1996, 
Hashimoto 1998] as well as the oxidation behaviour of many phases in the Ti-Al-Cr 
system [Jacobson 1999, Shemet 2000]. Research on TiAlCr coatings is limited with 
few experimental results available in the literature [Wang et al 2002, Huang et al 
2001, Zhou 2000, Leyens et al 1997a].
These studies showed that the y + Laves (C14-Ti(Cr,Al)2) duplex structure has high 
oxidation resistance up to 1273 K [Brady et al 1997a,b]. Based on these data the 
composition of the first coating was selected to be in the y + Laves phase field of the 
Ti-Al-Cr ternary phase diagram (Figure 3.1). As it is depicted in Figure 3.2 in this 
phase region the formation of a protective, stable and continuous A120 3 scale is 
expected. The nominal composition of the first coating was Ti-50at%Al-10at%Cr.
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Figure 3.1: The isothermal sections of the Ti-Al-Cr system at 1073 IC and 1273 IC
[Shao and Tsakiropoulos 1999].
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Figure 3.2: Schematic Ti-Al-Cr diagrams showing the alumina formation region 
defined by Perkins and Meier [1989].
The second coating was selected to be in the same phase region of the Ti-Al-Cr 
system but with a fourth alloying element. An addition of 4 at% B was made to the 
previous alloy in order to enhance the possibility of making amorphous coatings with 
the sputter PVD process. The nominal composition of the second coating was thus Ti- 
48at%Al-9at%Cr-4at%B.
A multilayer type TiAlCrB/Ag coating was also studied. It was produced by 
sputtering successively the TiAlCrB and a pure Ag target. This coating consisted of 
Ti-48Al-9Cr-4B layers and much thinner Ag layers. Recent research suggests that low 
Ag addition (around 2  at%) can significantly improve the oxidation resistance of y- 
TiAl based alloys at 800 °C [Shemet et al, 2000, Niewolak et al, 2001]. It is believed 
that Ag addition has a similar effect with Cr, supporting the formation of a continuous 
protective alumina scale, owing to the stabilization of the Z phase beneath the scale 
and the suppression of the a2 phase formation in the subscale depletion layer. Tang et 
al. [2003] tested the oxidation resistance of a Ti-48Al-2Ag alloy with 0-7% Cr 
addition at 800 and 900 °C in air and found that the alloy with the higher Cr content 
had the best oxidation resistance. Therefore, TiAlCrAg alloys could be used as 
oxidation resistant coatings for y-TiAl based alloys, hi order to investigate this 
potential application of TiAlCrAg alloys, TiAlCrB/Ag multilayer coatings were 
produced and their oxidation resistance was compared with that of the TiAlCrB 
coatings.
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3.3 Preparation of Coatings
The coatings studied in this work were made in a Nordiko RP sputtering PVD unit at 
the University o f  Surrey (figure 3.3). The Nordiko system is o f  industrial scale with a 
large cylindrical chamber (over 100 litres volume) and was used in the electronics 
industry previously as a part for the mass production o f  integrated circuits on Si 
wafers. It has three target positions on the upper part o f  the chamber, each to act as 
sputter electrode and one substrate plate at the bottom (figure 3.4). The active target is 
selected through a rotating mechanism. All the targets and the substrate plate are 
circular with 210 mm diameter. In laboratory scale PVD units the volume o f  the 
chamber is less than 10 litres and the size o f  the target varies between few millimetres 
and 10 centimetres maximum.
Figure 3.3: The Nordiko RF sputtering unit used for the preparation o f  the coatings. 
On the left hand side is the RF generator with the power divider and on the right hand 
side o f  the image is the control panel o f  the vacuum system.
At the beginning o f  this work the Nordiko unit was found to have some serious 
problems. Specifically, the vacuum system did not operate effectively, some o f  the 
vacuum gauges also did not work, the water-cooling system was leaking in one o f  the 
electrodes and moreover the chamber was poorly sealed.
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After a lot o f  time, considerable effort and with valuable technical assistance, the 
Nordiko sputtering unit was brought back to reasonably good working condition. The 
unit was given to the Metallurgy Group with three targets: gold, silver and copper. We 
started the first trial depositions with the copper target but XPS confirmed that the 
coatings produced were oxidised. Even with the silver target the coatings were not 
oxide free. Only the gold coating appeared to be unaffected by oxygen (see section 
5.2). These primary depositions showed that control o f  the atmosphere in the 
deposition chamber was poor. The problem was solved only after stripping down the 
upper electrode and replacing all the sealing O-rings.
Power cable 
Water cooling pipe
Active TiAlCr or TiAlCrB target
A g target
Au target
Substrate support Cu stage
Figure 3.4: Schematic diagram showing the configuration inside the chamber o f  the 
Nordiko sputtering unit.
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3.3.1 Deposition Parameters
Once the problems with the sputter rig were solved the copper target was replaced 
with the first selected titanium alloy target (Ti-50at%Al-l Oat%Cr nominal 
composition) and many depositions at different conditions were performed in order to 
choose the optimum processing parameters.
Sputter deposition can be achieved at pressures varying from 0.1 Pa to 10 Pa (0.75 to 
75 mTorr). The properties of the sputter deposited coatings are very dependent on the 
deposition pressure. The morphology of the coating can change according to 
Thornton’s structure model, as discussed in section 2.8.2. The deposition rate also 
depends on the deposition pressure. Even the stresses in the coating can vary with 
pressure, and change from compressive, in a low pressure deposited coating, to 
tensile, in a high pressure deposited coating (section 2 .9 ).
We decided to use relatively high deposition pressure; around 5 Pa (40 mTorr). At 
this deposition pressure the atoms sputtered from the target arrive on the substrate 
having lost a significant amount of their initial kinetic energy due to collisions with 
Ar ions on their way from the target to the substrate. The number of collision 
incidents experienced by a sputtered atom until it reaches the substrate, increases at 
higher deposition pressures because of the presence of more Ar ions in the chamber. 
The lower energy of the impinging atoms reduces their mobility in the growing 
coating immediately after their deposition and thus favours their random arrangement 
and the formation of amorphous metallic coating.
Furthermore, the high deposition pressure was selected because it was found that at 
this deposition pressure the plasma in the chamber was more stable compared to 
lower pressures. It is interesting to note that a high deposition pressure, such as 5 Pa, 
can be maintained by constant Ar flow to the chamber and the use of the rotary 
instead of the diffusion pump. In this way any contamination of the chamber 
atmosphere from the diffusion pump oil is prevented.
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Another important deposition parameter is the power and the bias of the target and the 
substrate. The RP generator in the Nordiko system can provide up to 1000 Watts 
power. However, very high values of power caused plasma fluctuations and required 
continuous tuning of the matching unit, hi order to secure stable plasma, and 
consequently stable deposition, we used 600 Watts RF power that gave 1300 Volts 
bias on the TiAlCr target. Because of a fault in the power divider of the Nordiko 
system it was not possible to apply bias to the substrate during the deposition of the 
coating. The power used is considered quite low if we take into account the large 
surface area of the target (see table 5.3).
The temperature of the substrate during deposition is a crucial factor that affects the 
structure of the coating. The impinging atoms of the deposited material transfer their 
kinetic energy to the substrate and heat up the substrate. The increasing temperature 
of the substrate and of the growing coating favours the diffusion of the adatoms on the 
surface of the deposit. In this case the diffusion phenomena control the structure of 
the coating since the formation of particular phases is enhanced while others are 
suppressed, as it will be discussed in chapter 5.
hi the Nordiko system the substrate support plate and the target, which is heated more 
than the substrate during sputtering, are water-cooled. A thermocouple attached to the 
surface of the substrate measured continuously the substrate temperature during 
deposition. For the given deposition pressure and power the substrate temperature did 
not exceed 300 K during deposition, hi some depositions though performed at a lower 
deposition pressure or with less water flow in the substrate support plate the 
deposition temperature reached up to 480 K.
The combination of the high deposition pressure with the low power resulted in a 
relatively low deposition rate; approximately 20 nm/min (1 pm/hour). Using the above 
parameters and altering the duration of the sputter deposition coatings of various 
thicknesses (1  pm to 1 0  pm) were produced.
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The chamber was pumped to the base pressure and then flushed with high purity Ar 
three times before every deposition. The parameters used for the PVD sputter 
deposition o f  the coatings studied in this work are summarized in Table 3.1.
Parameter Value
Base Pressure (Pa) <10'3
Deposition Pressure (Pa) 5
RF Power (Watts) 600
Target Bias (Volts) 1300
Deposition Rate (mn/min) -2 0
Substrate Temperature Ambient (water-cooled)
Target-Substrate Distance (mm) 110
Table 3.1: Sputter deposition parameters used for the preparation o f  the coatings.
3.3.2 Substrate Surface Preparation
The TiAlCr-X coatings were deposited both on a y-T iA l based alloy and on Si 
wafers. The reasons for the selection o f  these substrate materials as well as the results 
from their structural characterization will be given in section 4.2. In this section we 
shall describe the surface preparation procedure used for each o f  them.
The metallic substrates o f  the Ti-48Al-2Nb-2Mn alloy were 25x25 mm square pieces 
with about 3 - 5  mm thickness or 4mm cubes. The surfaces o f  the substrates were 
ground using 75, 40, 20 pm metal bonded diamond pads and 30, 10 resin bonded 
diamond pads on a Struers Planopol automatic grinding machine. They were then 
polished with 6, 3 and 1pm cloth pad with diamond grains sprayed on it. Some o f  the 
metallic substrates were just ground with 600-grade SiC paper in order to study the 
effect o f  substrate roughness on the coating morphology. After polishing, the metallic 
substrates were ultrasonically cleaned, then cleaned with acetone and dried before 
placed in the chamber o f  the sputter unit for the deposition o f  the coating.
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The Si wafer substrates were pieces (of different shapes usually about 10x30 mm or 
3 0x3 0mm) cut from Si single crystal dislCs of (400) orientation with 10 or 15 cm 
diameter and 500 pm thickness. The surface of the Si substrate was mirror-polished 
and was cleaned with acetone and blown with air to remove any particles before 
placing it in the vacuum chamber.
Both the metallic and the Si substrates were sputter cleaned in the vacuum chamber 
before depositing the coating on them. By applying low RF power (around 200 W) 
only to the substrate support plate, Ar ions sputtered the substrate surface and 
removed any surface oxides. This sputter cleaning lasted only 5-10 minutes and then 
the deposition started by isolating the RF generator from the substrate support plate 
and connecting it to the target electrode. During the sputter cleaning a shutter was 
placed between the substrate and the target so that the impurities removed from the 
substrate surface could not be deposited on the target.
3.3.3 Targets Preparation
The targets used for the production of the coatings for this work were a TiAlCr, a 
TiAlCrB and a pure Ag target. The latter was given to the group with the Nordiko 
unit. The other two targets were made in China using a vacuum plasma furnace. Their 
nominal compositions (at%) were Ti-50%Al-10%Cr and Ti-48%Al-9%Cr-4%B. They 
were produced by melting pure Ti, Al and Cr pieces (together with TiB particles in 
the case of the second target). The ingots were remelted in the vacuum plasma furnace 
a couple of times for homogenisation.
$
The ingots were then cut by spark erosion machining into 210 mm diameter disks 
with 10 mm thickness. Three holes were made at equal distances on a 190 mm 
diameter circle so that the targets could be mounted with three aluminium screws on 
the target support plate in the Nordiko sputter unit. Both alloys selected for the targets 
were very brittle to use conventional machining. The target that contained boron 
broke many times during drilling and had to be remelted. More details about the two 
targets will be presented in section 4.3.
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3.4 Analytical Techniques
3.4.1 X-ray Diffraction
X-ray diffraction (XRD) analysis was used for phase identification in the substrates, 
targets and coatings. A  Philips diffractometer with a CuKa X-ray source (40kV, 24 
mA) was employed for the XRD analyses. The wavelength of the CuKa X-ray 
radiation was 1.5405A and was monochromated using a Ni filter.
hi most of the specimens studied by XRD the X-rays were collected in the 20 up to 90 
2 0  degrees range with a 0 .1  degrees step, hi the coatings deposited on the silicon 
substrates the XRD was performed between 20 and 65 20 degrees with the same step. 
The reason for narrowing the 20 degrees range of the diffractogram in the second case 
was that the Si wafer substrates were single crystal materials and their XRD exhibited 
only one very strong peak at around 6 6  29 degrees. Since the coating was quite thin 
the X-rays penetrated it and were diffracted on the silicon substrate. Thus, in order to 
avoid the strong Si peak in the diffractogram, as it would hide the peaks from the 
coating (their intensities were many thousand counts below the Si peak), the X-ray 
acquisition stopped at 65 degrees.
The as-deposited coatings were analysed in the XRD without any specimen 
preparation. The targets and the metallic substrate materials were prepared for the X- 
ray diffraction according to the grinding and polishing procedure described for the 
surface preparation of the metallic substrates in section 3.3.2.
The peaks in the difffactograms were indexed using the JCPDS (Joint Committee of 
Powder Diffraction Standards) reference cards for the candidate phases. X-ray 
diffraction simulation was also performed using Powdercell software, developed by 
the German Federal Institute for Materials Research and Testing, data from Pearson’s 
Handbook [Villars and Calvert, 1985] and the EMS website [http://cimesgl.epfl.ch] 
of the Federal Technical University of Laussane. The Powdercell calculated hid 
and d spacing lists for the U 3AI, TiAl, TiAl3 and Ti(Cr,Al)2 phases are given in 
Appendix A.
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3.4.2 Electron Probe Micro Analysis (EPMA)
Qualitative and quantitative analyses of the coatings, the targets and the specimens 
from the oxidation tests were performed with a JEOL JXA 8600 microprobe. The 
microprobe was equipped with energy dispersive spectrometer (EDS) and wavelength 
dispersive spectrometer (WDS). EDS was mostly used for the analyses. WDS was 
employed only for the quantitative detection of boron.
The microprobe was connected to a computer where the Link Isis software processed 
the X-ray data collected by the spectrometer, doing the necessary ZAF corrections 
(Z=atomic number, A=absorption, F=fluorescence) and calculated the composition of 
the scanned area. Pure cobalt standard was used to calibrate the analyser.
Analyses were performed with 15 lcV accelerating voltage and 3 nA beam current in 
EDS analyses and 60 nA in WDS analyses. Special attention was paid in quantitative 
analysis so that the scanned area would not be smaller than 1 pm, which is the spatial 
resolution at 15 kV accelerating voltage for the density of our materials [Goodhew, 
2000]. The size of the interaction volume can be calculated by the equation 3.1, which 
gives the electron penetration in a material:
_  4120 g  (1.265-0.09541nE) (3.1)
P
where: R the electron penetration (in pm), E the primary electron energy (in MeV) 
and p the density of the material.
EDS elemental maps and line scans were also performed using the EPMA on the as- 
deposited coatings at planar view and cross section, 011 specimens from the oxidation 
tests and on polished samples from the target materials mounted in balcelite.
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3.4.3 Scanning Electron Microscopy (SEM)
SEM observations were performed with the Hitachi S 4000 and the Hitachi S 3200N 
electron microscopes.
The Hitachi S 4000 SEM with a field emission gun (FEG) electron source was used to 
study the morphology o f  the as-deposited coatings and the oxides formed on them 
after the oxidation tests. The field emission gun produces a coherent beam and 
improves the high-resolution capabilities o f  the microscope. Table 3.2 presents the 
characteristics o f  three different electron sources.
W  Filament LaB6 Filament
Field Emission 
(Cold)
Vacuum (mbar) <10’4
OoT—HV .............k io -10
Max. Brightness 
(A /cm 2 sr)
106 2 x l0 6 109
Probe current (pA) 1-103 l - io -3 1-300
Energy spread (eV) 1-2 0.5-2 0.2-0.4
Current stability/h 
(%>
<1 <1 <5
Source diameter 20-50pm 10-20 pm 5-1 Onm
Operating 
temperature (K)
2800 1400-2000 300
Lifetime (h) 100 600 >1000
Table 3.2: Comparison o f  two thermionic electron sources with the field emission gun 
[Watt 1997].
Moreover, the specimen holder in the Hitachi S 4000 microscope could be tilted 
allowing to take images with the specimen tilted at varying angles, hi this way a 3-D 
effect could be created in the images. Since imaging was the purpose o f  the studies in 
the FEG-SEM a small objective aperture was used to increase the depth o f  field and a 
small working distance (5-8mm) to improve the image resolution.
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The Hitachi S 3200N is an environmental pressure SEM equipped with an EDS 
detector and the Link Isis software. This microscope bridged the gap between the 
FEG-SEM, which offered high resolution images but without any analytical 
information and the EPMA where accurate analysis could be done but the imaging 
resolution was poor, hi the Hitachi S 3200N analytical results such as elemental maps 
or linescans could be produced together with the images.
The accelerating voltage used in the Hitachi S 3200N was 15 kV, the same as in the 
FEG-SEM, and the working distance between the electron gun and the specimen was 
less than 10 mm for imaging and 15 mm for analysis. Lower accelerating voltage was 
used in the planar view studies to resolve thin surface layers like oxides or 
contaminations on the surface of the coatings.
Coatings for planar view studies by SEM were observed in the as-deposited state 
without any preparation. For the cross section studies the specimens were fractured 
before placing them in the microscope chamber. Polished cross sections of the 
coatings deposited on silicon substrates were also examined in both scanning electron 
microscopes.
3.4.4 Transmission Electron Microscopy (TEM)
Transmission electron microscopy was performed on Philips EM400T and Philips 
CM200 electron microscopes. The latter is equipped with a digital camera, Electron 
Dispersive Spectrometer (EDS), Electron Energy Loss Spectrometer (EELS) and 
supported by software for digital imaging (Digital Micrograph) and EDS analysis 
(Link Isis TEMQuant).
3.4.4.1 Preparation of TEM Specimens
Specimen preparation is one of the most crucial and difficult parts in transmission 
electron microscopy. The material needs to be thinned down to few tens of 
nanometers so that the electrons can penetrate it. Moreover, during the thinning 
process it should not undergo any changes, must be strong enough to handle and to 
last as long it is required for observation in the microscope.
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All these are tough requirements to be met in TEM sample preparation. Many 
different techniques have been developed for TEM sample preparation [Goodhew 
1985] and the selection of the appropriate one is done each time depending on the 
type of material being studied.
In this work the coatings were examined by TEM both at cross section and planar 
view. For the planar view observations small pieces from the as-deposited coatings, 
separated from the Si substrates, were glued on 3mm diameter copper grids, with 
1mm hole in their centre. Planar TEM specimens were also prepared from the samples 
after the thermal analysis experiments, hi the latter case the deposit pieces were 
smaller and copper grids with 0.5mm hole were used. The planar specimens were 
thinned in a Gatan ion beam thinner until a hole was fonned in the coating material.
For the cross section observations Si wafers coated with the TiAlCr-X coatings were 
cut into small pieces and glued in pairs on the coating sides. Three of these pairs were 
also glued together, on the Si sides this time. The six-layer specimen was ground, 
vertically to the Si slices, on 1200, 2400 and 4000 grade SiC paper and then glued on 
copper grid for the final part of mechanical grinding until the sample was ground 
down to approximately 60 pin. Afterwards, the copper grid was transferred to the ion 
beam thinner device where two Ar ion guns sputtered the upper and bottom surface of 
the sample. The ion beam energy was 5kV and the angle of incidence of the beams on 
the sample was 3-8 degrees (high angle in the beginning and lower at the last stages of 
ion beam thinning).
The planar specimens required one step preparation, only in the ion beam thinner, in 
contrast with the cross section specimens, which were first mechanically polished. 
Mechanical polishing and the presence of glue sometimes created artefacts in the 
images from the cross section specimens. The simpler preparation procedure of the 
planar specimen eliminated these problems. For this reason, TEM observations were 
mainly performed on planar specimens. The thickness of the planar specimens close 
to the edge of the hole, computed by the Digital Micrograph, was 0.253A,, where A, is 
the inelastic mean free path of the electrons in the specimen.
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3.4.4.2 TEM Imaging and Electron Diffraction
Bright field (using the transmitted beam) and dark field (using a diffracted beam) as 
well as high-resolution (produced by the interaction of the transmitted beam with one 
or more diffracted beams) images were taken in the TEM. Selected area electron 
diffraction and energy dispersive X-ray quantitative analysis were also performed in 
the transmission electron microscopes.
The accelerating voltage was 120 and 200 kV in the Philips EM400T and the Philips 
CM 200 respectively. The appropriate condenser, objective and selected area 
apertures were selected each time depending on the work to be done (bright or dark 
field imaging, analysis or electron diffraction).
The smallest selected area diffraction aperture was chosen to acquire electron 
diffraction patterns from the fine structure of the coatings. When SADP did not give 
satisfactory crystallographic information due to the small size of the crystals, 
nanodiffraction was performed by condensing the electron beam on the nanocrystal.
The electron diffraction patterns were indexed using the following relationship:
Dd=7L
where D is the displacement of the diffracted spot from the spot of the transmitted 
beam on the pattern, d is the interplanar spacing, X is the wavelength of the electrons 
and L is the camera constant, i.e. the distance between the specimen and the film 
plate. Thus, D was measured on the pattern, X was calculated using the de Broglie’s 
equation (7=hE~l), which relates the electrons wavelength to their energy (and 
consequently to the acceleration voltage, 7=0.003nm at 120kV and 7=0.002nm at 
200kV) and the camera length was set at 800mm. Thus, the d corresponding to each 
spot (or ring) could be calculated. Indexing was done using either JCPDS and 
Powdercell data or simulated patterns produced using the EMS software.
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3.4.4.3 Electron Enengy Loss Spectroscopy (EELS)
EELS was used to detect boron and measure its concentration in the as-deposited 
TiAlCrB coating. EELS analysis and energy filtered imaging were also performed on 
the TiAlCrB sample after thermal analysis. EELS is known to be more effective in the 
detection of light elements, such as boron, compared to the WDS or EDS, which has 
limited detectability of elements with Z<11 (Na) [Brydson, 2001]. A  Gatan parallel 
electron energy loss spectrometer installed in the Philips CM 200 microscope was 
used for these analyses. The data acquired by the spectrometer were transferred to the 
computer, where the processing of the spectra was done using the Digital Micrograph 
software,
3.4.5 X-ray Photoelectron Spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS) was employed for the surface analysis of the 
as-deposited coatings and of the specimens after the oxidation tests. Especially in the 
case of the TiAlCrB material tfel XPS was used to measure the concentration of boron 
in the target alloy and the as-deposited coating. XPS can detect elements with Z>2 
(i.e. all the elements except for H and He) and thus could give more reliable 
quantitative results for the boron containing material compared to the EDS or WDS.
XPS analyses were performed using a VG Scientific ESCALAB mk II spectrometer. 
The most commonly used X-Ray sources for XPS are magnesium and aluminium 
yielding the Mg Ka (1253.6 eV) and the Al Ka (1486.6 eV) radiation. In this work 
the Al anode was used.
Avantage software was used for the processing of the XPS data. The processing of the 
high resolution spectra with the Avantage software involved peak fitting and the 
quantification of the analytical data. The binding energies of the peaks and their 
chemical shift were compared to the data available in the literature and in the 
American National Institute of Standards and Technology (NIST) XPS database to 
identify the compounds present in the analysed surfaces.
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3.4.6 Thermal Analysis
Thermal analysis techniques were employed to study the thermal stability of the 
structure in the as-deposited coatings and the oxidation behaviour of the coatings, the 
metallic substrate and the target materials. For the former Differential Scanning 
Calorimetry (DSC) and Differential Thermal Analysis (DTA) were used, while the 
oxidation studies were performed by Thermo gravimetry (TG).
3.4.6.1 Differential Scanning Calorimetry
In the DSC a small amount of material in a crucible (made of alumina, gold or 
platinum) is placed on the one pan of a very sensitive balance. The pan, which 
contains a Pt wire heating element and a thermocouple, heats the sample to a thermal 
schedule (isothermal heating or continuous heating at a constant heating rate). On the 
other pan of the balance a reference crucible is heated concurrently to the same 
thermal schedule. The temperatures of the sample and reference are continuously 
measured during the heating. When a transformation occurs in the sample, its 
temperature deviates from the temperature of the reference.
As soon as this deviation is detected the device reduces the heat input to the crucible 
with the higher temperature and increases the heat to the other so as to maintain equal 
the temperatures of the sample and the reference. The quantity of electrical energy per 
unit time, which must be supplied to the heating elements (beyond the energy 
supplied for the thermal schedule) in order to maintain this balance, is proportional to 
the heat absorbed or released per unit time by the sample due to the transformation. 
This energy per unit time (heat flow) is recorded in the y axis of the DSC curves.
The mode described above is the power compensated DSC. Alternatively, there is the 
heat flux mode where the sample and the reference crucibles are heated by the walls 
of the DSC chamber and the temperature difference between the sample and the 
reference during a transformation in the sample material is converted by the software 
to heat flow using a calibration constant defined by experiments with standard 
materials.
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A Stanton-Redcroft DSC instrument working at the heat flux mode was used for the 
DSC experiments done in this work. Many isothermal and continuous heating DSC 
experiments at various heating rates were done on this instrument in Ar atmosphere 
and they will be presented in chapter 6 . The volume of the available crucibles was 
quite small (50 j_il) requiring a very fine size of the freestanding coating pieces in 
order for the small crucible to accommodate 1 5 - 2 0  mg of material. The fine size of 
the coating pieces made the XRD and TEM studies of the samples after the DSC 
experiments very difficult and in few cases impossible.
3.4.6.2 Differential Thermal Analysis
In the DTA the sample and the reference are subjected to the same heating schedule 
since they are positioned symmetrically in the chamber at equal distances from the 
walls, which are the heating elements this time. The difference in temperature 
between the sample and the reference (AT) is measured by a differential thermocouple 
in which one junction is in contact with the base of the sample crucible and the other 
one is in contact with the base of the reference crucible. When AT>0, i.e. the 
temperature of the sample is higher than the temperature of the reference, the sample 
releases heat. In other words the material undergoes an exothermic transformation, 
such as crystallization. When AT<0 the cooler sample absorbs heat because it 
undergoes an endothermic transformation, such as melting. Therefore, the y axis in 
the DTA curves gives the temperature difference between the sample and the 
reference.
hi this work a Mettler-Toledo SDTA 851 instrument was used at the Mettler-Toledo 
laboratories for the DTA experiments on the TiAlCrB deposits. Some of the 
advantages of the DTA instrument were the higher maximum heating rate it could 
achieve (80 K/min) compared to the Stanton-Redcroft DSC device (50K/min) and 
also its higher sensitivity allowing the detection of transformations that exhibit minor 
heat flow.
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3.4.6.3 Thermogravimetry
In thermogravimetry the weight change of a material is measured in continuous or 
isothermal heating in inert or active gas atmosphere. Thermogravimetry can be 
performed in most of the DSC and DTA instruments equipped with a balance, if the 
weight change of the sample is recorded during the experiment. In this work 
thermogravimetry was used to study the oxidation behaviour of the coating, metallic 
substrate and target materials for 200 hours at 800 °C. These long term experiments 
could not be done in the DSC or DTA instruments. Instead, a Stanton-Redcroft 
thermobalance, specially designed for thermogravimetric oxidation tests, was used.
hr the thermogravimetric experiments a cubic specimen was placed in an alumina 
crucible, which was positioned on an alumina pan standing on a sensitive balance. 
The balance was calibrated to the initial total weight of the crucible with the specimen 
in it. As soon as the furnace reached 800 °C it was lowered around the crucible. The 
temperature was measured continuously during the experiment by a thermocouple that 
was in touch with the base of the alumina crucible. The weight of the crucible was 
also recorded continuously during the experiment producing a weight change versus 
time plot. The weight of the specimen before and after each TG experiment was 
measured using a laboratory balance with 0 .1  mg accuracy to verify the weight 
change results recorded by the Stanton-Redcroft balance. The weight change was 
normalized over the area of the specimen.
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Chapter 4
4 Substrates and Targets
4.1 Introduction
Before presenting the experimental results for the coatings studied in this thesis, it is 
important to examine the substrates and targets used. In this chapter the composition 
and the microstructure of the targets and substrates will be presented based on the 
EPMA analyses, SEM, light microscopy and 
characterization results of the substrate and target 
presented.
4.2 Substrates
4.2.1 Metallic Substrate
The TiAlCr-X coatings are developed to provide oxidation protection to the y-TiAl 
based alloys. For this reason a typical y-TiAl based alloy had to be selected as 
substrate. The development of the y-TiAl based alloys has been the subject of 
important research for the last decade at academic and industrial levels. A vast 
amount of research is still underway currently and many different alloys have been 
produced. Out of all these alloys the second generation Ti-48Al-2Nb-2Mn alloy was 
selected. It is a typical y-TiAl based alloy with improved ductility compared to the 
first generation alloys, has been well studied and tested and also used to produce IV 
gas turbine components for testing purposes. According to the literature this alloy 
suffers from significant oxidation above 700 °C and the application of an oxidation 
resistant coating is essential.
XRD results. The surface 
alloys by XPS will also be
Chapter 4 Substrates and Targets 64
The composition of the y-TiAl based substrate was confirmed by EPMA and is given 
in table 4.1. Figure 4.1 shows the X-ray spectrum of the EDS analysis collected by 
EPMA.
Element
Actual composition 
(at%)
Nominal composition 
(at%)
Ti 49.8 48
Al 46.0 48
Mn 1 .8 2
Nb 2.4 2
Table 4.1: The EDS measured actual and nominal compositions of the Ti-48Al-2Nb-
2Mn substrate alloy.
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Figure 4.1: X-ray spectrum of the EDS analysis of the Ti-48Al-2Nb-2Mn substrate by 
EPMA.
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According to the Ti-Al phase diagram the equilibrium phases of the substrate should 
be y and 0 ,2. In order to study the microstructure of the alloy a cube shape specimen 
was mount in bakelite, polished and then chemically etched in Kroll’ s reagent (2% 
HF, 4% HNO3 in water) for 4 seconds, immersed in NaOH solution, rinsed with water 
and finally cleaned with ethanol. Figure 4.2 shows the fully lamellar y +0(2 
microstructure of the Ti-48Al-2Nb-2Mn substrate under the light microscope.
Figure 4.2: Microstructure of the Ti-48Al-2Nb-2Mn substrate alloy as seen under the 
light microscope.
It was noticed that the y and ot2 plates of most of the lamellar colonies appeared to be 
parallel or their orientation varied within ±  30°. This finding was taken into account 
for the cutting of the substrates. Some of the metallic substrates were cut so that the 
surface was parallel to most of the y and 0C2 plates of the lamellar microstructure 
(figure 4.3a), while another batch of substrates was prepared with the surface 
perpendicular to the orientation of the lamellae (figure 4.3b). The aim was to examine 
whether the orientation of the lamellar grains affects the adhesion of the coating on 
the substrate.
Chapter 4 Substrates and Targets 6 6
\
. JWlMKl "A* Ott . . .  : ' - '
J l  (b)
Figure 4.3: Cross section view of the microstructure of the y-TiAl based substrate 
alloy cut (a) parallel and (b) perpendicular to the orientation of the y +a2 lamellae.
The existence of the y and a2 phases in the microstructure of the substrate alloy was 
also confirmed by the X-ray diffractograms in figure 4.4. All the peaks in these 
diffractograms were indexed to the TiAl and Ti3Al phases. The XRD data confirmed 
the presence of texture in the microstructure of the substrate alloy. For instance in the 
diffractogram of figure 4.4a the most intense diffraction peak appears at 44.1 
29 degrees. This peak corresponds to interplanar spacing d=0.204 nm and is indexed 
to (002)y. However, the strongest peak for the y phase is the (11 l)y and should appear 
at 38.7 20 degrees according to the JCPDS data. In the diffactogram shown in figure 
4.4a this peak is very weak indicating that on the analysed side of the specimen there 
is an orientation preference of the y phase grains for the (0 0 2 ) plane.
On the contrary, this peak appears clearly in the diffractogram in figure 4.4c and is 
much stronger in the diffractogram shown in figure 4.4b. The same is the case for the 
a2 phase; the intensity of the a2 phase peaks in the three diffractograms varies and 
depends on the orientation of the surface with respect to the direction of the lamellae 
in the microstructure of the alloy.
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Figure 4.4: X-ray diffractograms taken from three sides of a cube specimen of the Ti- 
48Al-2Nb-2Mn substrate. The difference in the intensities of the peaks in the three 
diffractograms signifies the presence of texture in the microstructure of the alloy.
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The interface between the substrate and the coating affects significantly the 
performance of such a system. Consequently, it is useful to characterize the surface of 
the substrate before the deposition of the coating. As it happens with most of the Ti 
alloys it is expected that the Ti-48Al-2Nb-2Mn alloy would form a thin surface oxide 
layer consisting mainly of titania. In order to confirm this, surface analysis of the 
substrate alloy was performed using XPS. Figure 4.5 shows the survey spectrum and 
the high resolution spectra for the elements identified in the surface layer of the 
substrate in the as-received condition.
The XPS analysis results indicated that the surface of the Ti-48Al-2Nb-2Mn substrate
consists of a mixture of Al and Ti oxides covered by a carbon film of approximately 
3  S
m  to Blnm thickness. Below this layer the mixed AI2O3 /  TiCk scale was buried. It is 
quite difficult to avoid the formation of this surface oxide, since titanium and 
aluminium react with atmospheric oxygen very rapidly. For this reason, the usual 
surface preparation of the Ti alloy substrates included polishing, acetone and 
ultrasonic cleaning and the removal of the naturally reformed thin surface scale was 
continued in the PVD chamber with the sputtering of the substrate surface for 
approximately 15 minutes by Ar ions.
Figure 4.6 shows the XPS spectra taken Jfom the same specimen after 5 minutes of in- 
situ sputtering of the surface by A l* ions. Comparing the spectra in figures 4.5 and 4.6 
we notice that after 5 minutes of etching the greater part of the C layer has been 
removed and the photoelectrons come from the AI2O3 / TiCk scale. It is interesting to 
notice the existence of a Ca2p peak in the spectrum after etching (figure 4.6). This 
could be attributed to the water used for cleaning the specimen after cutting it to the 
required size. It seems that Ca was also buried under the C top layer, i.e. Ca might be 
present in the oxide scale. In figure 4.6 it should also be noted that the Nb3d peak is 
sharper, which would suggest, together with the Ti2p spectrum, that the analysis was 
performed in the scale and closer to the metallic substrate. Longer etching time 
(around 10 minutes) removed most of the mixed AI2O3 / TiCk scale. This could be 
done in the sputter PVD chamber just before the beginning of the coating deposition, 
as mentioned above.
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Figure 4.5: XPS survey spectrum and high resolution spectra for the as received Ti- 
48Al-2Nb-2Mn substrate alloy.
Chapter 4 Substrates and Targets 70
Blndhg Energy (eV) Binding Energy (eV)
A)2p T!2p
Binding Energy (eV; Binding Btergy (eV)
Nb3d
Binding Energy (eV; Binding Biergy (eV)
Blndhg Biergy (oV) Binding Energy (oV)
Figure 4.6: XPS survey spectrum and high resolution spectra for the Ti-48Al-2Nb- 
2Mn substrate alloy after 5 minutes of Ar sputtering in the XPS chamber.
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4.2.2 Silicon Substrate
Si wafers were used also as substrates for the deposition of the coatings. Si wafers are 
quite common substrates for ion beam implantation or for the vapour deposition of 
thin films in the electronics industry. Metallurgical coatings are very rarely deposited 
on silicon because researchers prefer to study the coating - substrate system as a 
whole. Thus, the coating is usually applied on the metal to be coated and the metal- 
coating system is studied. However, the use of silicon as substrate material could 
assist the study of metallurgical coatings because the looser adhesion between the 
metallic deposit and the Si substrate, compared to the adhesion between the coating 
and the metallic substrate, allows the easy separation of pieces of the deposited 
material from the Si substrate for further study. As it will be discussed in the 
following chapters, this is very important for the characterization of the coatings and 
especially for the thermal analysis and TEM studies.
A piece of a Si wafer was placed next to the alloy substrate in the PVD chamber every 
time a sputtering deposition was done. In this way the deposits on silicon and on the 
Ti-48Al-2Nb-2Mn alloy could be compared and any effect of the substrate material 
on the deposit’s structure could be studied (see next chapter). The silicon substrates 
were cut from single crystal pure Si wafers. The quality of the Si wafers was assessed 
by XRD. Many different types of Si wafers were available for this work. Some had 
been implanted, which caused the modification of the Si structure, others were coated 
by a surface S i02 thin scale, while others were clean.
The orientation of the single Si crystal also varied. XRD showed that one series of Si 
wafers were clean and gave only one diffraction peak at 69.4 20 degrees, which is 
indexed to (400)si (figure 4.7a). Another batch of Si wafers produced the 
diffractogram shown in figure 4.7b. It is apparent that this Si wafer was not single 
crystal pure Si since, in addition to the peak at 69.4 20 degrees, three more peaks 
appeared at lower 20 values indicating the doping of Si with another element and the 
existence of a second phase.
Chapter 4 Substrates and Tarsets 72
5000 j    —  _
g  4000 - 
3 , 3000
I  2000 - 
3 iooo -
0 | |------------ ,------------ ,-----------4------------ 1------------
20 30 40 50 60 70 80 90
20 Degrees
(a )
20 Degrees .
(b)
Figure 4.7: XRD diffractograms from (a) a clean single crystal Si wafer used as 
substrate and (b) an implanted Si wafer.
The second batch of Si wafers was not used in this study, since the presence of the 
extra element in the Si substrate could affect the structure of the coatings deposited on 
this material. Instead, only pieces from the clean single crystal pure Si wafers were 
used as silicon substrates. The high purity of these Si wafers was also confirmed by 
EPMA.
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4.3 Targets
Two y-TiAl based alloys were used as targets for the sputter deposition. The targets 
were cut from as cast ingots using spark erosion machining. The spare ingot pieces 
were used for the XRD, EPMA, and XPS studies, as well as for the oxidation tests. 
The as-received target materials were characterized in terms of microstructure, bulk 
and surface composition and oxidation resistance. In this section the XRD, EPMA and 
XPS results will be presented for each of the targets. The oxidation resistance of the 
target alloys will be discussed in Chapter 7.
4.3.1 The TiAlCr Target
The first target used for sputter deposition was made of a ternary TiAlCr alloy. The 
nominal composition of the target was selected to be 40 at% Ti, 50 at% Al and 10 at% 
Cr in order for the equilibrium microstructure to consist of the y-TiAl and C14 Laves 
Ti(Cr,Al) 2 phases. The actual composition was analysed by EDS in the EPMA on a 
polished specimen. Table 4.2 compares the EDS results with the nominal composition 
of the target. There was a small deviation in the concentration of the elements from 
the nominal. The target appeared to be richer in Al and leaner in Ti and Cr compared 
to the nominal composition.
Element
Actual composition (at%) 
measured with EDS
Nominal composition 
(at%)
Ti 39.0 40
Al 52.1 50
Cr 8.9 1 0
Table 4.2: Actual and nominal compositions of the TiAlCr target alloy.
The important question is whether this deviation of the actual composition from the 
nominal composition of the TiAlCr target alloy affected its microstructure. The 
backscattered electron image in figure 4.8 shows a two-phase structure.
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Figure 4.8: Backscattered electron image taken in the EPMA showing the 
microstructure o f  the TiAlCr target alloy.
The compositions o f  the two phases, measured using EDS in the EPMA are presented 
in table 4.3. The brighter phase was richer in Cr and leaner in Ti and Al compared to 
the bulk alloy. Furthermore, the Ti/(A1+Cr) ratio was almost equal to 1:2, which 
indicates that the brighter phase was the C l4 Laves Ti(Cr,Al)2 phase. The 
composition o f  the darker matrix surrounding the Laves phase was close to the 
composition o f  the alloy (Table 4.2) with a lower Cr content (5.6 at%), which 
corresponds to the maximum solubility o f  Cr in the y phase according to the ternary 
Ti-Al-Cr phase diagram (figure 3.1). Therefore, the matrix in the microstructure o f  the 
TiAlCr target alloy was the y TiAl phase containing some Cr.
Element y TiAl phase Ti(Cr,Al)2 Laves phase
Ti 39.8 32.6
Al 54.6 40.6
Cr 5.6 26.8
Table 4.3: EDS analysis in the EPMA o f  the phases present in the microstructure o f  
the TiAlCr target alloy.
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The differences in the Ti and A l concentrations between the two phases and the higher 
Cr content in the Ti(Cr,Al)2 phase are clearly shown in the X-ray spectra (figure 4.9) 
and the X-ray elemental maps (figure 4.10) acquired by EDS in the EPMA.
cps
(a )
cps
(b)
Figure 4.9: X-ray spectra acquired by the EDS o f  (a) the Ti(Cr,Al)2 Laves phase and 
(b) the y TiAl phase. The higher intensities o f  the Cr peaks in the first spectrum 
denote the higher concentration o f  Cr in the Ti(Cr,Al)2 Laves phase.
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Figure 4.10: Starting from top left clockwise; backscattered electron image o f  the 
TiAlCr target alloy microstructure, Al, Cr and Ti X-ray maps. The Cr map confinns 
that the phase with light contrast is the Ti(Cr,Al)2 Laves phase.
The two-phase microstructure o f  the TiAlCr target alloy was also confirmed by XRD. 
All the peaks in the diffractogram shown in figure 4.11 were indexed to the y and 
Laves phases.
16000
20 degrees
Figure 4.11: X-ray diffractogram o f  the TiAlCr target alloy
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It was noticed that after about 110 hours of sputtering experiments the surface of the 
TiAlCr target appeared as if it had been etched, with the grain structure clearly 
apparent (figure 4.12).
(a)
- - * "  •" (b)
Figure 4.12: The TiAlCr target (a) after approximately 110 hours of sputtering and (b) 
before the start of sputtering experiments.
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In the top right edge of the target shown in figure 4.12a, the grain size was
significantly bigger than in other regions of the target. The localized grain growth
could be attributed to the higher temperature reached at this site of the target during 
sputtering and to the Ar ion etching of the target’s surface, since this edge of the 
target was the closest to the centre of the plate that supported the targets, as well as to 
the other two targets in the PVD chamber. The close up view of this area, shown in 
figure 4.13, shows that the average grain size exceeded 5 mm and that some grains
were bigger than 1 cm. Next to this region of coarse grains was a zone of elongated
grains with their long axis almost parallel to the radius of the circular target. Towards 
the centre of the target the microstructure became finer.
Figure 4.13: Close up view of the coarse grain area of the TiAlCr target after 110 
hours of sputtering.
An attempt was made to observe the micro structure of the target after sputtering by 
light microscopy in order to compare it with the micro structure of the target before 
sputtering. Unfortunately, sputter etching had introduced significant topography to the 
target’s surface consisting of grooves and faceted surfaces, which affected the quality 
of the images in the light microscope. Since we could not cut a piece of the target to 
produce a proper metallographic specimen (destructive analysis of the target was not 
allowed) some pictures of the target’s surface after sputtering were taken in the
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stereoscope (figure 4.14). These images showed that in the centre o f  the target’ s 
surface the microstructure was very fine and that towards the circumference o f  the 
target the grain size increased. This could suggest that the cooling o f  the target during 
sputtering was more effective in the centre.
Figure 4.14: Stereoscope views o f  the (a) central (b) middle and (c) outer areas 
showing the increase in grain size along the radius o f  the target. The distance between 
two successive notches on the scale bar is 0.5 mm.
4.3.2 The TiAlCrB Target
Unfortunately, the manufacturers o f  the TiAlCrB target did not recover any spare 
material after the spark erosion machining. Instead they provide us with bulk material 
from the first boron containing TiAlCr target they managed to produce, which 
unfortunately contained also some Ni. Because o f  the Ni contamination, this target 
was not used to produce coatings by sputter deposition. However, the microstructural 
study, as well as oxidation tests o f  this alloy could prove very useful for comparison 
with the results from the TiAlCrB coatings.
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The nominal composition of the boron containing target was 39 at% Ti, 48 at% Al, 9 
at% Cr and 4 at% B. The actual composition was measured by EDS in the EPMA and 
is given in table 4.4. Because the analysis was performed using the EDS detector it 
was impossible to measure boron, since it is a very light element for the EDS to detect 
and moreover, its low concentration in the alloy makes detection even more difficult. 
Using a WDS detector it was possible to detect boron, although the analysis was still 
difficult due to the low concentration of the element in the alloy. The concentration of 
B measured by WDS was about 4 at%.
Element
Actual composition (at%) 
measured with EDS
Nominal composition 
(at%)
Ti 39.3 39
Al 49.1 48
Cr 8 .6 9
B Not detected 4
Ni 3.0 -
Table 4.4: Actual and nominal compositions of the TiAlCrB(Ni) target alloy.
hi order to verify the concentration of boron a quantitative XPS analysis was 
performed. It was necessary to remove first the carbon rich and oxides containing 
surface layer so as to measure the composition of the bulk target material. For this 
reason the specimen was etched by Ar ions (5KeV) in the XPS chamber before the 
analysis (figures 4.15a, b). Figure 4.15c shows the high resolution XPS spectra for 
each of the elements present after one hour Ar ion etching and figure 4.15d shows the 
high resolution XPS spectra of the same elements are after two hours of etching.
It can be seen that after two hours of etching the intensity of the C peak had been 
reduced, all the peaks as well as the background had become smoother and the 
metallic peaks of Ti, Al, Cr, B and Ni were stronger which would indicate that after 
two hours of Ar ion etching the surface layer had been removed and therefore the 
quantitative XPS analysis gave the actual composition of the target and not of its 
surface. The only problem was the AI2O3 peak, which seemed to persist even after 
two hours of etching.
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Figure 4.15: The XPS survey spectra from the analysis of the TiAlCrB(Ni) target 
material after (a) one hour and (b) two hours of Ar ion etching. Figure continues in 
the next page.
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Figure 4.15c: High resolution XPS spectra from the analysis of the TiAlCrB(Ni) 
target material after one horn' of Ar ion etching. Figure continues in the next page.
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Figure 4.15d: High resolution XPS spectra from the analysis of the TiAlCrB(Ni) 
target material after two hours of Ar ion etching.
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It is unlikely that the alumina surface layer was so thick that it still remained 011 the 
target material after two hours of Ar ion etching. It is more likely that the oxygen, 
which was sputtered off the surface of the specimen, increased the Po2 in the XPS 
chamber and thus the metallic Al on the etched surface of the specimen reacted with 
oxygen to reform an alumina layer.
Peak fitting was done using the Avantage software to discern the Al oxide peak from 
the metal Al peak and find the contribution of each to the total A12p signal. It was 
found that the metal Al peak corresponded to 28.8% of the total Al signal. Using this 
value for Al and thus excluding the Al oxide peak from the quantitative analysis, the 
composition of the target material was measured as shown in table 4.5. The XPS 
results confirmed the WDS result for boron and also showed that its concentration in 
the target alloy was very close to the nominal.
Element
Composition (at%) 
measured with XPS
Ti 53.12
Al 33.90
Cr 7.45
B 4.36
Ni 1.17
Table 4.5: The composition of the TiAlCrB(Ni) target alloy, measured by XPS.
The microstructure of the TiAlCrB (Ni) target consisted of the y and Laves phases and 
was coarser than the microstructure of the TiAlCr target alloy (figure 4.16). The 
presence of Ni in this target alloy, in combination perhaps with B, seemed to favour 
the formation of the Laves phase. The y phase was dispersed in the Laves phase 
matrix (figure 4.16).
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Thus, the volume fraction o f  the Laves phase in the TiAlCrB(Ni) alloy was higher 
compared to the TiAlCr target alloy. The EDS X-ray spectra (figure 4.17) from the y 
and Laves phases show the latter to be richer in Ni and Cr. This was also confirmed 
by the EDS X-ray elemental maps (figure 4.18). The EDS analyses o f  the two phases 
are given in table 4.6.
Figure 4.16: Backscattered electron image showing the microstructure o f  the 
TiAlCrB(Ni) target alloy.
Because the X-ray elemental maps and the analysis were acquired by EDS, boron 
does not appear in them. However, since a third phase was not seen anywhere in the 
microstructure and the solubility o f  B in Ti is extremely low, we can assume that 
either all boron was segregated in the Laves phase, or some Ti borides were formed 
but were removed during grinding leading to the increased porosity seen on the 
surface o f  the specimen. Out o f  the two hypotheses the first one is more likely since 
the kind o f  porosity seen in figure 4.16 is usually attributed to casting rather to 
metallographic specimen preparation.
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Figure 4.17: X-ray spectra from (a) Laves phase and (b) y-TiAl phase. The higher 
intensities of the Cr peaks, as well as of the Ni peaks in the first spectrum indicate the 
higher concentration of Cr and Ni in the Laves phase.
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Figure 4.18: (a) Secondary electron image, (b) backscattered electron image and X- 
ray maps o f  (c) Al, (d) Ti, (e) Cr, (f) Ni from the TiAlCrB(Ni) target alloy. The Cr 
and Ni X-ray maps show the segregation o f  these elements in the Laves phase while 
the Ti and Al maps indicate the higher concentration o f  Ti and Al in the TiAl phase.
Element y phase Laves phase
Ti 41.4 34.0
Al 54.0 43.9
Cr 4.0 14.1
Ni 0.6 8.0
Table 4.6: EDS analysis in t le EPMA o f  the phases present in the TiAlCrB(Ni) target
alloy. Note that almost all Ni is segregated in the Laves phase.
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XRD (figure 4.19) also proved the two phase, y TiAl plus Laves, microstructure of the 
TiAlCrB (Ni) alloy.
Figure 4.19: X-ray diffractogram from the TiAlCrB(Ni) target alloy.
It should be noted that during the preparation (cutting, polishing) of the 
metallographic specimens from the TiAlCrB(Ni) alloy it was realized that this alloy 
was harder and more brittle compared to the TiAlCr target alloy. Table 4.7 gives the 
Vickers hardness values of the two target alloys and the Ti-48Al-2Nb-2Mn substrate 
alloy. A 10 Kg weight was used for the Vickers hardness measurement of all these 
materials. However, for the TiAlCrB(Ni) target material, where the imprint of the 
diamond pyramid with the 10 Kg weight was very small, a 30 Kg weight was also 
used to measure the hardness more accurately.
Material Hardness Vickers
TiAlCr target 460-470
TiAlCrB(Ni) target 700-710
Ti-48Al-2Nb-2Mn substrate 250-260
Table 4.7:Hardness Vickers o f  the target and substrate alloys
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The only method that was allowed for the examination of the whole TiAlCrB target 
was macroscopic observations at the stereoscope (figure 4.20). The surface of the 
TiAlCrB target after approximately 80 hours of sputtering looked etched (figure 
4.21), as already reported for the TiAlCr target.
Figure 4.20: As-received TiAlCrB target. The box indicates the site where severe 
defects were observed.
Figure 4.21: The TiAlCrB target after approximately 80 hours o f sputtering.
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This time no grain coarsening was noticed. Instead, the long y grains in the 
micro structure of the as-received target, seemed unaffected by sputtering. They 
became, though, more clearly visible since sputtering removed most of the surface 
defects and contaminations. However, sputtering could not repair the most serious 
defect of this target. The porosity of the TiAlCrB target was too high and on one site 
there were deep cavities, some of them penetrating more than half of the target’s 
thickness (figure 4.20). These cavities seemed not to be affected by sputtering. This 
porosity, which was introduced during the production of the target, should be 
attributed to the low ductility of the TiAlCrB alloy, probably due to the higher volume 
fraction of the Laves phase. The low ductility of the alloy caused also the formation of 
some cracks after many sputtering runs, presumably due to thermal stresses.
The TiAlCrB(Ni) target exhibited also porosity, but no large cavities were visible 
anywhere on its surface. After few hours of sputter etching, the structure of this target 
looked quite similar to that of the TiAlCrB alloy, consisting of long y phase grains 
(figure 4.22). Figures 4.23a and 4.23b show the micro structures of the TiAlCrB and 
TiAlCrB(Ni) targets after sputtering, as seen under the stereoscope. So, on the basis of 
macroscopic observations it is concluded that, despite the presence of Ni, the two 
targets had the same structure.
Figure 4.22: The TiAlCrB(Ni) target after few hours o f sputtering.
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Figure 4.23: (a) Image o f  the TiAlCrB target after sputtering. It was taken from an 
area with defects and shows a crack that formed after a few sputtering runs. It also 
reveals that the structure o f  this alloy consisted o f  long y-TiAl grains dispersed in a 
Laves phase matrix, (b) Stereoscope view o f  the TiAlCrB(Ni) target after few hours 
o f  sputtering. The distance between two successive notches on the scale bar is 0.5 
mm.
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4.4 Concluding Remarks
In this chapter the substrate and target materials, used for the production of the 
coatings studied in this work, were presented. The lamellar y + a 2 microstructure of 
the y-TiAl based substrate alloy was confirmed. It was found that the microstructure 
of the substrate exhibited texture. The effect of the latter on the adhesion and structure 
of the as-deposited coating is discussed in the following chapter. Different types of Si 
wafers were also considered as substrates and the (400)s,- single crystal pure Si wafer 
was selected to be used as substrate so as to produce enough freestanding coating 
material for thermal analysis and TEM observations.
The selection of these two substrate types allowed us to study both the TiAlCr-X 
coating / y-TiAl based substrate system as well as to analyse the deposit in the 
absence of the substrate. The latter is of great importance since this kind of study is 
not usually performed on metallurgical coatings, hi this work the study of the 
freestanding deposits allowed us to examine the properties and especially the phase 
evolution in coatings produced via a non-equilibrium route.
The two TiAlCr-X targets used for the preparation of the coatings were also presented 
in this chapter. The selection of the TiAlCr and TiAlCrB target alloys was made using 
the following criteria:
® Similar composition to the y-TiAl based substrate alloy
• y-TiAl phase based microstructure
• Improved high temperature oxidation resistance
• Production of amorphous / nanocrystalline deposits
Chapter 5 As-deposited Coatings 93
Chapter 5
5 As-deposited Coatings
5.1 Introduction
In this chapter the experimental results from the studies of the as-deposited coatings 
are presented. The morphology of the coatings was observed in the FEG-SEM and the 
microstructures of the deposits were analysed by X-ray and electron diffraction. TEM 
observations and particularly high resolution TEM assisted the micro structural 
characterization of the deposits. The compositions of the deposits were measured by 
EDS analysis in the EPMA and the TEM. EELS and filter imaging were also used in 
the TEM to study the distribution of the elements in the as-deposited TiAlCrB 
coating. XPS analyses were performed on the deposits. In the beginning of this 
chapter the coatings produced during the preliminary depositions, which were carried 
out for the optimisation of the deposition parameters, will be presented. They will be 
followed by the experimental results from the characterization of the TiAlCr, 
TiAlCrB and TiAlCrB/Ag deposits. The growth of these sputter deposited coatings 
and the dependence of their microstructure on deposition temperature will be 
discussed in the last part of this chapter.
5.2 Preliminary Depositions
Several trial depositions were done, initially with the pure Cu, Ag and Au targets and 
later on with the TiAlCr target in order to calibrate the sputtering unit. These runs 
helped us to assess the level of vacuum achieved in the deposition chamber, the 
stability of the RF generator, which affects the stability of the plasma during 
sputtering and also to optimise the deposition parameters. The optimisation was done 
so as to achieve the maximum long-term stability of the system during sputtering, the 
lowest substrate deposition temperature and the highest possible suppression of 
crystalline phase formation in the deposit.
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In this section the results from the studies of these pilot coatings will be presented. 
The presentation will start with the macroscopic observations, which can reveal how 
good is the adhesion of the deposits on the substrates. In some cases macroscopic 
observations may also give information about the purity of the atmosphere in the 
chamber during the deposition. Some of the compounds that are formed, when 
sputtered atoms react with gases such as oxygen or nitrogen, have characteristic 
colours and thus their presence indicates the existence of these gases in the chamber 
atmosphere during deposition. These findings can be confirmed by more advanced 
techniques such as XRD or XPS. Some of the XPS spectra from the preliminary 
coatings will also be given in this section.
hi the first depositions the Cu, Ag and Au targets, installed in the sputter unit, were 
used. It was found that the deposition rate for the same deposition parameters differed 
for the three targets. This was expected since the sputter yields, i.e. the number of 
atoms sputtered from the target per incident ion, for the three elements are different. 
Table 5.1 summarizes the sputtering yields for the three elements as well as for Al, 
Be, Si and W, when sputtered by 500eV ions of several inert gases. Figure 5.1 
compares the sputtering yield against incident Ar ion energy for various elements. It is 
worth noting that some elements like Ti, Mo, Zr or the refractory metals Nb, Ta and 
W  have sputtering yields below one even when sputtered by Ar ions at IKeV 
bombarding energies, hi other words, an Ar ion impinging at IKeV on the surface of 
such a target is not capable to eject an atom from it.
Figure 5.2 shows the macroscopic appearance of the Cu, Ag and Au coatings. In 
figure 5.3 the top and the cross-section views of fractured Au and Ag coatings taken 
in the FEG -  SEM are shown. The different morphologies of the two coatings are 
clear in these micrographs. The silver coating exhibits typical dense columnar 
morphology with smooth hemispherical column peaks emerging on the surface of the 
coating, while the Au deposit is quite porous with less defined columnar morphology 
and faceted grains emerging on its surface.
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Be (9) Al (27) Si (28) Cu (64) Ag(106) W  (184) Au(197)
He 0.24 0.16 0.13 0.24 0 .2 0 0 .0 1 0.07
Ne 0.42 0.73 0.48 1 .8 1.7 0.28 1.08
Ar 0.51 1.05 0.50 2.35 3.1 0.57 2.4
Kr 0.48 0.96 0.50 2.35 3.1 0.9 3.06
Xe 0.35 0.82 0.42 2.05 3.3 1 .0 3.01
Table 5.1: Sputtering yields of some elements when sputtered by different inert gas 
ions at 500eV [Vossen and Cuomo, 1978].
ARGON ION ENERGY (eV)
Figure 5.1: Sputtering yields of various elements at different incident Ar ion energies 
[Stuart 1983].
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Figure 5.2: Macroscopic view o f  (from left to right) Au, Ag and Cu coatings on Si 
substrates. The Ag and Cu deposits do not exhibit the natural colour o f  these metals. 
This is attributed to the reaction o f  the sputtered Ag and Cu atoms with oxygen during 
deposition. In other words, this appearance o f  the coatings reveals the high oxygen 
and nitrogen partial pressures in the chamber’ s Ar atmosphere, which would suggest 
either a leak in the chamber or poor performance o f  the vacuum system.
When the TiAlCr target was installed in the sputter chamber, the first coatings that 
were produced looked like those in figure 5.4. They had a characteristic blue colour, 
which was attributed to the formation o f  a corundum rich layer on the substrate. The 
whole coating consisted o f  mixed aluminium and titanium oxides. This was due to the 
reaction o f  the sputtered atoms with oxygen atoms in the chamber during the 
deposition. As soon as the leaks in the vacuum chamber o f  the sputter unit were 
eliminated this blue colour did not appear again on any o f  the coatings studied in this 
thesis. The only macroscopical defect, concerning the colour o f  the coatings was a 
black powder-like layer. It was observed on few o f  the TiAlCr deposits produced and 
appeared on a part o f  the coating while the rest looked dull grey and not clean and 
shiny as usual (figure 5.5). This gradual change from grey to black was attributed to 
different levels o f  contamination in the deposit. Usually, close to the centre o f  the 
substrate the highly contaminated deposit was black while moving to the outer part o f  
the substrate the coating was grey.
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Figure 5.3: (a) Cross-sectional view o f  a Au coating exhibiting high porosity, (b) 
surface view o f  the same coating showing the faceted grains, (c) cross-section o f  a 
fractured Ag coating revealing the columnar morphology o f  the deposit, (d) top view 
o f  the same Ag coating showing the smooth hemispherical peaks o f  the columns.
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2 cm
Figure 5.4: Macroscopic view o f  a TiAlCr coating deposited on Si substrate when the 
Ar atmosphere in the chamber was contaminated by oxygen.
2 cm
Figure 5.5: A  piece o f  a circular Si wafer used as substrate to deposit a TiAlCr 
coating. Close to the centre the deposit appears dark and moving to the outer part o f  
the disk the deposit is getting brighter but still dull. The whole coating is 
contaminated and only a small part at the circumference appears clean and shiny.
The difference in the concentration o f  the contaminating species in the black and the 
grey regions o f  the coating is shown in the SEM images in table 5.2. The SEM 
micrographs o f  the black area o f  the coating in figure 5.6 show that the contaminants 
appear brighter. This could mean that either the contaminants were heavy elements or 
that they had low electrical conductivity. The second possibility is more likely to be 
true. The EDS spectra taken from the brighter clusters in the micrographs at low 
accelerating voltage showed that they contained Ti, Al and Cr, but also revealed that
Chapter 5 As-deposited Coatings 99
these domains contain Si and C, too. The existence o f  these elements was also 
confirmed by the XPS analysis performed on the dark and grey regions (figures 5.7, 
5.8). Unfortunately, because o f  the small size o f  the bright clusters accurate 
quantitative analysis was not possible for them using EDS or XPS. EDS analysis o f  
the black region indicated Ti, Al and Cr percentages close to their nominal values in 
the deposit with increased Si and C concentration. The XPS quantitative analysis 
results from the black and grey areas o f  this coating are given in the tables o f  figures
5.7 and 5.8, respectively.
The origin o f  silicon and carbon could be dirt in the sputtering chamber or on the 
substrate. It is more possible though that the origin o f  the silicon and carbon in the 
deposits was the diffusion pump oil. Silicon and carbon atoms passed into the 
chamber atmosphere could collide with the sputtered Ti, Al and Cr atoms and deposit 
on the substrate. Thus, every cluster that appeared brighter in the SEM image was not 
actually a pure Si or C particle but a TiAlCr cluster with Si and C impurities. Shutting 
down the diffusion pump for a day and then restarting it, solved this problem. The use 
o f  a liquid nitrogen trap between the diffusion pump and the vacuum chamber also 
prevented such incidents.
Figure 5.6: (a) Secondary electron image from an area o f  the contaminated TiAlCr 
coating that appeared black macroscopically. The brighter spheres or clusters were 
TiAlCr particles with high concentration o f  Si and C. (b) Closer view o f  these 
clusters.
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Table 5.2: SEM images from a contaminated TiAlCr coating. The numbers in the 
right hand column give the area fraction o f  bright clusters calculated by image 
analysis. These clusters contained Si and C together with Ti, Al and Cr.
Area fraction o f  the 
bright clusters (% )
Domain (starting from the black spot and moving along the 
radius towards the circumference)
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Figure 5.7: XPS survey spectrum and the high resolution spectra for the elements in 
the black area of a contaminated TiAlCr coating. The quantitative analysis results in 
the table refer to the composition of an area equal to the spatial resolution of the XPS 
for this analysis (~0.5mm2) around the black spot. The specimen was not etched in the 
XPS, which explains the high percentage of O and C.
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Binding Biergy (eV) Binding Biergy (eV)
Binding Biergy (oV) Binding Biergy (eV)
Ti2p 9.08
A12p 12.87
Cls 20.52
N ls 0.32
Ols 56.04
Si2p 1.16
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Figure 5.8: XPS survey spectrum and high resolution spectra for the elements in the 
grey area of a contaminated TiAlCr coating. Si appears in this spectrum again, 
showing that this area was contaminated with Si too. Unfortunately, the quantification 
analysis of this spectrum does not give reliable results in order to compare the Si 
concentration in the black spot and the grey area.
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Concerning the operation of the Nordiko sputter unit, the trial depositions showed that 
the RF circuit and therefore the plasma were more stable when the RF generator 
supplied half the maximum power that it can produce, hi other words, working in the 
500 -  600W  power range generally guaranteed stable deposition conditions for 
several hours. This power is not very high considering the relatively large area of the 
target plate. Table 5.3 compares the power over target surface area ratio used in this 
work to some other values reported in the literature for the sputter deposition of 
similar coatings.
It was also noticed that this power, creating 1300 V on the active target, in 
combination with a rather high Ar pressure resulted in a low deposition rate and kept 
the substrate temperature very close to room temperature during the deposition, which 
was our aim in order to suppress the formation of crystalline phases in the deposits.
Dimensions of the Target 
(cm)
Power / Target Surface 
Area (W/cm2)
Reference
cf) 21 1.73 This work
1x2 1150 Wang 2002
(f)6.2 9.94 Sanchette 1995
Not given 4.2 Tang 1999
Table 5.3: The power over target surface area ratio used in this work in comparison 
with the values reported in the literature for the sputter deposition of TiAl based 
coatings.
To summarize, after completing a series of trial sputter depositions with Cu, Ag, Au 
and TiAlCr targets, the problems with the vacuum system and the chamber of the 
sputter unit were solved, experience was gained about the operation of the RF sputter 
apparatus and the optimum deposition parameters were selected. Thus, from that point 
on we were ready to proceed with the production and the thorough study of the 
TiAlCr, TiAlCrB and TiAlCrB/Ag coatings.
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5.3 TiAlCr Coatings
5.3.1 Morphology
It is worth starting the characterisation o f  the TiAlCr coatings by studying first their 
morphology. The term morphology describes the appearance o f  the coating in the as- 
deposited state, i.e. without any kind o f  treatment including even metallographic 
specimen preparation. The morphology is observed either by light microscopy or by 
scanning electron microscopy for better resolution and depth o f  field.
The most straightforward way to study the morphology o f  a deposit is to look at its 
top surface. The roughness o f  the surface, the shape o f  (smooth or faceted) grains and 
porosity are useful information one can get from the planar observation o f  an as- 
deposited coating. In many publications though the morphology o f  a coating is 
depicted at cross section. The cross section view shows clearly the morphology o f  the 
coating through its thickness, hi order to create a profile view o f  the substrate / 
coating system the specimen is subjected to fracture. Certainly, the fracture 
parameters and particularly the strain rate and the direction o f  the shearing stress 
affect the fracture surface. However, the few micron thick coatings, deposited on a 
brittle substrate such as single crystal Si, break under a small load. Thus, the deposits 
were broken manually and that was enough to generate a fracture cross-section 
surface revealing the morphology o f  the coating, hi the case o f  coatings deposited on 
the Ti-48Al-2Nb-2Mn alloy substrate, where a fracture cross section surface can not 
be created so easily, scratching the deposit, so as to remove some o f  it and form a 
steep step, is a simple and effective technique to create a profile view o f  the deposit 
showing its morphology but lacking the substrate cross section image.
Generally, the TiAlCr coatings on the Ti-48Al-2Nb~2Mn substrates were free o f  
surface defects like pores or cracks. Figure 5.9 shows a piece o f  this TiAl based alloy 
with the TiAlCr coating deposited on it. This specimen was then used for a high 
temperature oxidation test. The coating covered the substrate’ s surfaces completely 
and no sign o f  spallation was present, not even at the vertical sides o f  the specimen. 
This proves that the orientation o f  the lamellae in respect to the surface o f  the
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substrate (see section 4.2.1 about the lamellar microstructure o f  the substrate) does not 
affect the adhesion o f  the coating.
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Figure 5.9: Macroscopic view o f  the TiAlCr coating deposited on a Ti-48Al-2Nb- 
2Mn substrate. No spallation was observed on any o f  the sides.
The planar view o f  these deposits in the FEG-SEM consisted o f  a quite dense pattern 
o f  round particles or clusters. Figure 5.10 shows a high magnification image o f  this 
pattern. The round particles and the clusters are the tops o f  the columns, which form 
the columnar morphology o f  the deposit. As it was discussed in chapter 2, PVD 
coatings often exhibit columnar morphology due to the direction o f  the flux o f  
impinging atoms, which is perpendicular to the surface o f  the substrate.
The columnar morphology o f  the TiAlCr coating deposited on the Ti-48Al-2Nb-2Mn 
substrate is more clearly seen in the profile view SEM image in figure 5.11. The 
approximately 10 pm long columns start from the substrate / coating interface and 
reach the surface o f  the coating forming the round smooth top depicted in figure 5.10. 
The average diameter o f  the columns was less than 1 pm.
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Figure 5.10: Planar view o f  the TiAlCr coating deposited on a Ti-48Al-2Nb-2Mn 
substrate. Secondary electron image, at relatively high magnification, showing the 
tops o f  the columns. The substructure o f  each column is evident in this image.
Figure 5.11: Profile view o f  the TiAlCr coating deposited on a Ti-48Al-2Nb-2Mn 
substrate. The full height o f  the columns starting from the substrate up to the surface 
o f  the 10 jam thick coating is shown. It is important to note that the columnar 
morphology o f  the coating appears to be quite dense.
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The difference between the TiAlCr coatings deposited on the Ti-48Al-2Nb-2Mn 
substrate and on the Si substrate was the adhesion o f  the deposit on the substrate. 
Often the TiAlCr coating that was deposited on a piece o f  Si wafer appeared, as soon 
it was taken out from the sputterer chamber, like the one shown in figure 5.12. Small 
flakes o f  the coating were detached from the substrate. There were also cases, though, 
where the deposit peeled aff as one piece from the substrate (figure 5.13) or did not 
spall at all (figure 5.14).
Figure 5.12:TiAlCr coating deposited on a piece o f  Si wafer. Small flakes o f  the 
deposit are detached from the substrate.
Figure 5.13: A  TiAlCr coating that spalled o f f  as one piece from the Si substrate.
Figure 5.14: A TiAlCr coating with good adhesion to the Si substrate.
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The TiAlCr coatings deposited on silicon exhibited similar columnar morphology 
with the coatings deposited on the metallic substrate, which suggests that the change 
o f  substrate did not affect the morphology o f  the deposit significantly.
Figure 5.15: FEG-SEM image o f  a cross section depicting the morphology o f  a 
TiAlCr coating deposited on silicon.
Figure 5.16: Topside view o f  a fractured TiAlCr coating deposited on silicon. This SE 
image was taken near the edge o f  the Si wafer (left). The crack was formed during the 
fracture o f  the specimen.
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5.3.2 Composition
The composition o f  the TiAlCr coatings deposited either on Si wafers or on Ti-48A1- 
2Nb-2Mn substrates was the same as the composition o f  the TiAlCr target. In other 
words, there was no significant preferential sputtering o f  any o f  the elements o f  the 
target. Moreover, because o f  the low deposition temperature, the diffusion o f  atoms 
from the substrate to the deposit was negligible.
The composition o f  the deposits was measured both on the top surface and on the 
cross section o f  the coatings using the EPMA. Specimens with Ti-48Al-2Nb-2Mn and 
silicon substrates were analysed. Figure 5.17 shows the cross section o f  a specimen 
used for the EDS measurement o f  the TiAlCr coating. The sample was polished. It is 
interesting to note that the columnar morphology o f  the coating was removed by 
polishing, which means that the columns shown in the previous images were 
morphological rather than structural features o f  the deposit.
Element Ti Al Cr
Ti-48Al-2Nb-2Mn substrate 39.6 51.7 8.7
Si substrate 39.1 51.9 9.0
Table 5.4: EDS analysis o f  the TiAlCr coating depositee on Si and metallic substrates.
Figure 5.17: SEM image o f  a polished cross section o f  the substrate -  coating 
interface.
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5.3.3 Microstructure
The microstructure o f  the TiAlCr deposits was studied by XRD and TEM. X-ray 
diffractograms showed a broad peak around 39 20 degrees (figure 5.18) with FWHM
4.8 degrees. The shape o f  this peak is a typical one for an amorphous phase hillock. A  
less intense but even broader peak existed around 70 20 degrees. Thus, the XRD 
analysis o f  the TiAlCr coatings deposited both on Si and Ti-48Al-2Nb-2Mn substrates 
indicated that the microstructure o f  the deposits was amorphous.
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Figure 5.18: X-ray diffractograms from TiAlCr coatings deposited on (a) Ti-48A1- 
2Nb-2Mn and (b) Si wafer.
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Electron diffraction confirmed the amorphous microstructure o f  the TiAlCr deposits. 
The electron diffraction patterns consisted o f  a halo ring, which is characteristic o f  
amorphous phases (fig. 5.19). Some o f  the electron diffraction patterns had few 
concentric faint rings indicating the existence o f  nanocrystals in the microstructure 
(fig. 5.20). Indeed, thorough TEM observations revealed some nanocrystals dispersed 
in the amorphous matrix (fig 5.21). Their size was around 20 nm and their volume 
fraction varied a lot even in different parts o f  the same TEM specimen. Unfortunately, 
we did not manage to obtain a single grain electron nanodiffraction pattern due to the 
small size o f  the nanocrystals and to the fact that they were embedded in amorphous 
material or overlapped by other nanocrystals interfering in the diffraction pattern. The 
larger area electron diffraction patterns, e.g. figure 5.20, can also give crystallographic 
information about the nanocrystals. The three sharp rings in this pattern were indexed
to the ( 1010), ( 1012) and ( 1120) atomic planes o f  the hep a  Ti solid solution phase 
with lattice parameter 0.29 nm. The disordered a  Ti phase is more likely to form 
during the deposition o f  the coating than the other candidate ordered phases (y TiAl, 
Ti(Cr,Al)2 Laves or a 2 U 3AI).
Figure 5.19: TEM bright field image o f  a fully amorphous domain in the TiAlCr 
coating. The electron diffraction pattern in the top right hand corner, consisting o f  a 
halo ring, confirms the amorphous structure o f  the deposit in this domain.
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a  Ti (11-20) 
d=0.1476nm
I p
la Ti (10-10) d=0.2555nm
a T i (10-12)
d=0.1762nm
Figure 5.20: Selected area electron diffraction pattern from a domain o f  the TiAlCr 
coating with nanocrystals dispersed in the amorphous matrix. Apart from the inner 
halo ring, which is formed by the amorphous phase, three other concentric outer rings 
are visible. They are all indexed to the a  Ti solid solution phase, corresponding to the 
atomic planes (hkil) and interplanar spacings d noted on the right side o f  the figure.
Figure 5.21: Two domains o f  the TiAlCr coating with different fractions o f 
nanocrystals. In both images the amorphous phase is the predominant one. The bright 
lines in the right image are the column boundaries (planar TEM view o f  the deposit).
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5.4 TiAlCrB Coatings
5.4.1 Morphology
The morphology o f  the TiAlCrB coatings was the same with the morphology o f  the 
TiAlCr deposits. The TiAlCrB coatings on the Ti-48Al-2Nb-2Mn substrates were 
quite dense and had good adhesion on the metallic substrates, while those on the Si 
wafers detached easily from the substrates and looked like the TiAlCr coating in 
figure 5.12. In the FEG-SEM the TiAlCrB deposits exhibited similar columnar 
morphology with the TiAlCr coatings. Figure 5.22 shows the columns at cross section 
view and figure 5.23 shows a close top view o f  the columns.
Figure 5.22: Cross section view o f  a TiAlCrB coating deposited on a Ti-48Al-2Nb- 
2Mn substrate showing the dense columnar morphology o f  the coating. In the 
foreground appears the surface o f  the metallic substrate and in the background the top 
o f  the coating.
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Figure 5.23: Top view o f  the columns in the TiAlCrB coating (15° tilt o f  the surface).
Therefore, it is concluded that the addition o f  boron does not change the columnar 
morphology o f  the TiAlCr coatings.
5.4.2 Composition
The EDS and EELS techniques were employed in the EPMA and TEM respectively 
for the qualitative and quantitative analyses o f  the TiAlCrB coatings. The 
disadvantage o f  the EDS is that it cannot detect boron. Despite this drawback, EDS 
analysis showed that Ti, Al and Cr concentrations were close to the nominal values. 
Moreover, X-ray maps and linescans acquired by the EDS confirmed the uniform 
composition o f  the TiAlCrB coatings. Figure 5.24 gives the SEM image o f  the 
polished cross section and the corresponding X-ray linescan along the depth o f  the 
TiAlCrB deposit. The constant concentrations o f  the three elements through the whole 
thickness o f  the coating indicate the absence o f  any elemental segregation. EELS was 
used to measure boron but the analysis was again difficult because o f  the low 
concentration o f  boron in the coating (figure 5.25). Table 5.5 presents the EELS, EDS 
and XPS quantitative analysis results. Apparently, XPS quantitative analysis 
confirmed the EELS results concerning the boron content.
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Figure 5.24: SEM image o f  a TiAlCrB coating polished cross section. The three 
linescans show the concentrations o f  Al, Ti and Cr along the yellow line. The Al line 
appears evenly flat since the Al concentration is almost equal in the coating and the 
metallic substrate. The Ti line increases slightly in the substrate (40 at% Ti in the 
deposit 50 at% Ti in the substrate). The Cr line shows the presence o f  Cr only in the 
coating, as expected since the substrate does not contain Cr.
Element Ti Al Cr B
EDS analysis 39.3 51.9 8.8 Not measured
EELS analysis 40.0 45.7 11.6 2.7
XPS analysis 42.8 45.6 8.5 3.1
Table 5.5: EDS, EELS and XPS measured composition o f  the TiAlCrB coating.
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Figure 5.25:Processed (a)B-C, (b) Ti-C, (c) Ti-Cr-O electron energy loss spectra for 
the quantitative analysis o f  the TiAlCrB deposit by EELS.
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Energy filtered imaging in the TEM showed that boron as well as the other elements 
were evenly distributed in the deposit (fig. 5.26a-d). Even at high magnification no 
segregation was observed, which excludes the formation o f  borides in the coating 
during deposition. It seems that the far-ffom-equilibrium processing conditions 
enhance the formation o f  a phase with significantly increased boron solubility 
compared to the maximum boron solubility in the a  Ti solid solution (0.2 at%).
The oxygen energy filtered TEM image was not as uniform as the maps from the 
other elements (fig. 5.26e). There were brighter narrow lines in the oxygen map 
indicating increased oxygen concentration. These lines looked like boundaries 
between domains with lower oxygen concentration. Bearing in mind that these 
EFTEM images depict the planar view o f  the coating and considering the columnar 
morphology o f  the deposit we could assume that the oxygen rich sites are the column 
boundaries. The thickness map (fig. 5.26f) supports this assumption. The sites with 
high oxygen concentration appeared to be thinner in the thickness map, which is 
reasonable for the column boundaries. Unfortunately, because this analysis was done 
at relatively high magnification, as the scale bar in the maps suggests, and the 
acquisition o f  all these EFTEM images takes a few minutes, a minor drift o f  the 
specimen was unavoidable. As a result o f  this drift the areas shown in the six maps 
differ slightly and they do not match absolutely accurately.
The presence o f  oxygen in the column boundaries o f  PVD coatings has been reported 
before in EFTEM studies [Diplas, 1998]. It was attributed to oxidation during the 
deposition o f  the coating. Another explanation can be the post-deposition oxidation, 
hi other words, the TiAlCrB coating reacts with oxygen as soon as it is taken out o f  
the vacuum chamber to air and forms a thin surface oxide. After this stage the tops o f  
the columns are protected from further oxidation by the surface scale. Oxygen though 
can diffuse deeper in the coating between the columns and oxidize the outer part o f  
them. Therefore, even after TEM sample preparation by Ar ion beam thinning the 
column boundaries appear to have more oxygen than the rest o f  the TEM specimen.
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Figure 5.26: (a) Ti, (b) Cr, (c) C, (d) B, (e) O energy filtered and (f) thickness maps 
from the TiAlCrB deposit. The a-d maps show that Ti, Cr, C and B are evenly 
distributed in the specimen, while O is segregated in the specimen’ s thinner areas.
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5.4.3 Microstructure
X-ray and electron diffraction as well as TEM observations were used for the 
micro structural characterisation of the TiAlCrB coatings. X-ray diffractograms from 
the TiAlCrB coatings on the Ti-48Al-2Nb-2Mn and on Si substrates exhibited a broad 
peak around 39 20 degrees, as the diffractograms taken from the TiAlCr coatings did 
(figure 5.18). The FWHM of the peak was again 4.8 degrees. This broad peak was the 
first evidence that an amorphous phase formed in the as-deposited TiAlCrB coating.
Figure 5.27 shows the X-ray diffractogram from a thin TiAlCrB film deposited on a 
Ti-48Al-2Nb-2Mn substrate. Because of the small thickness of the deposit, the X-rays 
penetrated it and were diffracted by the metallic substrate resulting in the sharp peaks 
in the diffractogram. Only the broad peak should be attributed to the coating.
Figure 5.27: X-ray diffractogram from the TiAlCrB coating deposited on a Ti-48A1- 
2Nb-2Mn substrate (blue line). The sharp peaks in the diffractogram are all indexed to 
the y and a 2 phases and are attributed to X-ray diffraction from the metallic substrate 
because of the small thickness o f the deposit. The second diffractogram from the 
uncoated Ti-48Al-2Nb-2Mn substrate (black line) confirms this.
TEM observations and electron diffraction also gave evidence of the amorphous 
phase in the TiAlCrB coating. Figure 5.28 shows a bright field image with the 
corresponding SADP. In the electron diffraction pattern there is only the typical for an
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amorphous phase halo ring. The bright field image also seems to be lacking any phase 
diffraction contrast.
Figure 5.28: TEM bright field image from a TiAlCrB coating showing its amorphous 
structure. The electron diffraction pattern from this area, shown in the top-left hand 
corner, is typical o f  an amorphous material.
However, a thorough study at high magnification o f  the as-deposited TiAlCrB coating 
by TEM revealed domains with nanocrystals dispersed in the amorphous matrix. The 
average size o f  these nanocrystals was between 10 and 15 nm, smaller than the 
nanocrystals in the TiAlCr deposit, but their area fraction in some areas was quite 
high. Micro area electron diffraction patterns in these domains exhibited concentric 
rings around the amorphous halo, which were indexed to the a  Ti solid solution 
phase. The bright and dark field images in figure 5.29 were taken from an area with 
high percentage o f  nanocrystals, while the dark field image in figure 5.30 was taken
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from an area with less nanocrystallinity. Note the stronger intensity o f  the amorphous 
halo ring in the micro area diffraction pattern from the second domain (fig. 5.30).
Figure 5.29: Bright field and the corresponding dark field images from a domain o f  
the TiAlCrB deposit with significant amount o f  nanocrystals dispersed in the 
amorphous phase. The nanocrystals appear to be smaller (average size <15nm) than 
the a  Ti nanocrystals in the TiAlCr deposit, but their area fraction is bigger. The 
crystalline reflection with the stronger intensity in the diffraction pattern (the first 
sharp ring with the smallest diameter) was used for the dark field image.
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Figure 5.30: Dark field image from an area o f  the TiAlCrB deposit with less 
nanocrystallinity compared to the area shown in figure 5.29. The high intensity o f  the 
halo ring in the DP shows that the amorphous phase is dominant.
High-resolution electron microscopy can contribute to the identification o f  these 
nanocrystals. Using the digital camera installed in the CM 200 TEM, high-resolution 
images o f  the TiAlCrB coating were taken at 8 10" - 1.2 106 times magnification. At 
this high magnification it is possible to resolve the atomic planes o f  the nanocrystals, 
provided that the image is not very stigmatic. Proper tuning o f  the objective lens can 
minimize the astigmatism. In the high-resolution image the distance between two 
successive atomic planes in a nanograin can be measured. This distance corresponds 
to the interplanar spacing d and can be used for the crystallographic identification o f  
the nanocrystals. In our case the problem was that the d spacings o f  many (hkl) atomic 
planes o f  the candidate phases (a  Ti, y TiAl, a 2 or Laves) differ just a few hundredths 
o f  A (Table 5.6) requiring in some cases measurement accuracy o f  the order o f  10"3 
nm so as to discern one phase from another. In the following figures (5.31 to 5.33) 
high-resolution images from the TiAlCrB deposit are presented with their 
corresponding FFT images and the length o f  the interplanar spacing for some o f  the 
nanocrystals.
Chapter 5 As-deposited Coatings 123
The Fourier function transformed image (FFT) is an equivalent o f  the diffraction 
pattern for the high-resolution image. The spots in the FFT o f  a high-resolution 
image indicate periodicity in the original HR image and thus presence o f  crystallinity 
in the examined material. Each pair o f  symmetric spots in the FFT corresponds to 
nanocrystals with different orientation and d spacing in the HR image and the distance 
o f  each spot from the centre o f  the FFT image is an indication about the d spacing o f  
the particular set o f  atomic planes. By applying a mask on a pair o f  spots we can 
produce an inversed FFT image (IFFT), which is the equivalent o f  a dark field image. 
In the IFFT the nanocrystals with the same d spacing and orientation are highlighted 
allowing grouping similar or discerning overlapping nanocrystals in a high-resolution 
image (figure 5.32). The halo in the FFT is formed by the part o f  the HR image 
without periodicity, in other words corresponds to the amorphous phase.
Figure 5.31: HREM o f  the TiAlCrB deposit showing nanocrystals embedded in the 
amorphous matrix with the corresponding FFT. The d spacing o f  the atomic planes in 
the centre o f  the image was measured as 0.237nm, which is approximately the 
interplanar spacing o f  the (0002) planes in the a  Ti phase (see table 5.6).
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Figure 5.32: (a) HREM o f  a TiAlCrB deposit with its corresponding FFT. Various 
pairs o f  spots can be selected by applying masks on the FFT so as to produce the 
corresponding IFFT images which highlight different nanocrystals in this specimen. It 
is interesting to notice the set o f  planes in the bottom right corner o f  the HREM with 
the big interplanar spacing. The three IFFTs show that two nanocrystals with different 
orientation are found one over the other in this site (b, c) forming a Moire pattern (d).
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(a)
(b)
Figure 5.33: Another HREM image from a TiAlCrB deposit with its corresponding 
FFT and the IFFT of the nanocrystal in the centre of the image. The histograms in the 
two images are contrast linescans, showing the succession of atomic planes along the 
blue line. Using them the d spacing was measured as 0.29nm.
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To summarize, the TiAlCrB coating exhibited amorphous characteristics in the XRD 
analysis. Electron diffraction and TEM observations confirmed the existence o f  the 
amorphous phase in the deposit but also revealed domains with nanocrystals, probably 
o f  the a  Ti solid solution phase, embedded in the amorphous matrix. The size o f  these 
nanocrystals was slightly smaller than the nanocrystals found in the TiAlCr deposit 
but their volume fraction appeared to be higher. The interplanar spacing o f  the 
nanocrystals measured at HREM mode varied from 0.23 up to 0.3 nm. Table 5.6 
shows all the hid planes o f  the a  Ti, y TiAl, a 2 TiaAl and Ti(Cr,Al)2 Laves phases 
with d spacings between 0.23 and 0.3mn.
a  Ti y-TiAl a 2-Ti3Al Ti(Cr,Al)2 Laves
hid d (nm) hid d (nm) hid d (mn) hid d (nm)
002 0.234 i l l 0.232 002 0.231 103 0.232
010 0.255 110 0.283 200 0.250 110 0.253
101 0.285 110 0.289 102 0.299
Table 5.6: Atomic planes o f  the candidate phases with interatomic spacings between 
0.23 and 0.3nm.
5.5 TiAlCrB/Ag Multilayer Coatings
Two types o f  multilayer TiAlCrB/Ag coatings were studied. The first one was an 
approximately 6 pm thick Ag film deposited on a thin TiAlCrB layer and covered by 
another TiAlCrB coating (about 1 pm thick). The whole three-layer coating system 
was deposited on silicon. The second type consisted o f  three sub micron thick Ag 
layers deposited among four TiAlCrB layers. The total thickness o f  the coating was 
approximately 8 pm and was deposited both on Si wafer and on Ti 48A1 2n 2Mn 
substrates. The second type o f  the multilayer TiAlCrB/Ag coating was also deposited 
on a cubic Ti-48Al-2Nb-2Mn specimen to evaluate the protection it can offer to the 
TiAl based alloy against high temperature oxidation (see Chapter 7). The first type 
was mostly used for the morphological studies o f  the multilayer TiAlCrB/Ag coatings 
while the morphology, the composition and the microstructure o f  the second type 
were examined.
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5.5.1 Morphology
Both types o f  multilayer TiAlCrB/Ag coatings spalled o ff  from the silicon substrates, 
while the adhesion o f  the second type on the Ti-48Al-2Nb-2Mn substrate was good. 
Figure 5.34 shows the polished cross section o f  a multilayer TiAlCrB/Ag coating on a 
Ti-48Al-2Nb-2Mn substrate. No sign o f  spallation is obvious in this cross section. In 
this image it becomes clear that the deposition o f  the coating takes place uniformly on 
every side o f  the substrate, which is very important for the specimen produced for the 
oxidation test.
Figure 5.34: Polished cross section o f  a multilayer TiAlCrB/Ag coating on a Ti-48A1- 
2Nb-2Mn substrate. The good adhesion and the uniform deposition o f  the coating on 
both sides o f  the substrate are illustrated in this SEM image.
Multilayer TiAlCrB/Ag coatings exhibited columnar structure. Figure 5.35 shows the 
fracture cross section o f  the first type multilayer TiAlCrB/Ag coating deposited on 
silicon. In this FEG-SEM image the Ag and the top TiAlCrB layer are shown. 
Apparently, the spallation o f  the coating occurred between the Ag and the lower 
TiAlCrB layer, which remained on the Si substrate. An interesting point in this image
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is that the Ag columns act probably as nucleation sites for the TiAlCrB deposit and 
the Ag columnar morphology appears to continue in the TiAlCrB layer.
Figure 5.35: Multilayer TiAlCrB/Ag coating spalled from a Si substrate. The darker 
top layer is the TiAlCrB deposit and below it, is the thicker Ag layer. The columnar 
morphology o f  the Ag layer continues in the TiAlCrB layer.
The morphology o f  the first type multilayer TiAlCrB/Ag coating exhibited some very 
coherent columns with increasing diameter towards the surface o f  the coating starting 
from a narrow inversed cone (root o f  the column) and ending in 2-3 pm diameter 
circular protrusions on the coating’ s surface (figure 5.36). Spalvins and Brainard 
[1974] reported similar columns in thick Ag coatings (23 pm diameter and 6 pm 
higher than the coating’ s surface). They named these columns nodules and this type o f  
growth o f  a sputter deposited coating ‘nodular’ . It was attributed to preferential 
nucleation o f  the deposit on surface defects like scratches, roughness, inclusions, 
impurities, etc. Such defects on the surface o f  the TiAlCrB deposit probably caused 
the nucleation o f  these nodules. Nodular growth can also be assisted by plasma 
fluctuations during deposition.
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Figure 5.36: First type multilayer TiAlCrB/Ag coating. The four protrusions on the 
surface o f  the coating and the two big parabolic columns in the cross section are 
nodules. The inversed cones at the bottom o f  the Ag layer are the nucleation sites o f  
these and other smaller nodules. The tips o f  these cones were the contact points 
between the Ag and the bottom TiAlCrB layer before spallation occurred.
Figure 5.37: Nucleation sites o f  some nodules in the first type TiAlCrB/Ag coating.
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Figure 5.37 shows that the roots o f  the nodules were quite dense with smooth surface 
and parabolic shape. In the first few hundred nanometers o f  the Ag layer the nodules 
are detached without any material among them. Therefore, the nucleation sites o f  the 
nodules are the only contact points between the TiAlCrB and the Ag layers. This may 
explain the poor adhesion and the spallation between the two layers. Consequently, 
the cause o f  the spallation could be the nodular growth o f  the Ag layer rather than the 
incompatibility o f  Ag and the TiAlCrB alloy. This conclusion is supported by the 
good adhesion between the Ag layer and the other (top) TiAlCrB layer (figure 5.38).
Removing any surface defects from the TiAlCrB layer can prevent the nodular growth 
o f  the Ag sputter deposit. This can be done in situ in the vacuum chamber by 
sputtering for a while the TiAlCrB coating soon after its deposition and before the 
deposition o f  the Ag layer starts. In addition, applying bias to the substrate so as to 
bombard the Ag coating with ions during its deposition could destroy the nodules and 
perhaps even the columnar structure.
Figure 5.38: SEM image o f  the interface between the Ag and the top TiAlCrB layer in 
the first type TiAlCrB/Ag coating. The good adhesion and the continuity o f  the Ag 
layer columnar morphology in the TiAlCrB layer suggests that the spallation between 
the Ag and the other TiAlCrB layer was due to the nodular growth o f  the Ag deposit.
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The second type o f  multilayer TiAlCrB/Ag coating exhibited columnar morphology 
as well. The diameter o f  the TiAlCrB columns increased towards the surface o f  the 
coating where few short protrusions emerged. The TiAlCrB deposit in the second type 
o f  multilayer TiAlCrB/Ag coating had a nodular growth too. It is interesting that the 
thin Ag layers did not interrupt this nodular growth. Above and below a Ag layer the 
growth o f  TiAlCrB columns continued as if  it were a single layer TiAlCrB coating 
(figure 5.39a). The top view o f  the multilayer TiAlCrB/Ag coating (figure 5.39b) 
looked the same with the top view o f  the TiAlCrB deposit in figure 5.23.
Figure 5.39: SEM images at (a) cross section and (b) top view o f  the second type o f  
multilayer TiAlCrB/Ag coating.
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Despite the nodular growth o f  the TiAlCrB layers and the existence o f  the thin Ag 
layers between them the second type o f  multilayer TiAlCrB/Ag coating did not 
disintegrate. Only some signs o f  spallation o f  the whole coating from the Si substrate 
were noticed at some places, but this was also observed in the case o f  the TiAlCrB 
single layer deposits on Si substrates (section 5.4.1) and thus should not be connected 
with the Ag layers. Figure 5.40 shows a close view o f  four TiAlCrB-Ag interfaces.
Figure 5.40: SEM image o f  two Ag layers among TiAlCrB layers in the second type 
o f  multilayer TiAlCrB/Ag coating.
5.5.2 Composition
A polished cross section specimen from the second type o f  multilayer TiAlCrB/Ag 
coating deposited on a Ti-48Al-2Nb-2Mn substrate was examined by EPMA. EDS 
spot analysis in the TiAlCrB layers gave similar results for Ti, Al and Cr with the 
EDS analysis o f  the TiAlCrB single layer deposit and the TiAlCrB target. The 
thickness o f  the Ag layers (few hundred nanometers) was smaller than the interaction 
volume and thus quantitative EDS analysis in them was affected by the surrounding 
TiAlCrB material. Instead, EDS line scans o f  the multilayer coating were performed. 
They present a useful qualitative picture o f  the composition o f  each layer (figure 
5.41), although the small thickness o f  the Ag layers affected them as well.
Chapter 5 As-deposited Coatings 133
The area analysis across the thickness o f the multilayer TiAlCrB/Ag coating 
confirmed that the bulk composition of the coating was very close to the composition 
suggested in recent research for optimum oxidation resistance of TiAlCr Ag alloys 
[Shemet et al, 2000, Niewolak et a l, 2001, Tang et a l 2003] (see section 3.2).
Element Ti Al Cr Ag
Spot analysis 39.5 51.6 8.9 0
Area analysis 39.0 49.0 8.3 3.7
Table 5.7: EDS spot analysis on a TiAlCrB layer and area ana ysis across the
thickness of the multilayer TiAlCrB/Ag coating.
Figure 5.41: Line scan from the polished cross section of a multilayer TiAlCrB/Ag 
coating deposited on a Ti-48Al-2Nb-2Mn substrate.
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5.5.3 Microstructure
The identification of the phases present in the multilayer TiAlCrB/Ag coating was 
performed by XRD analysis o f the coating. The X-ray diffractogram showed some 
sharp peaks and a broad hillock around 39 20 degrees. The sharp peaks were indexed 
to the Ag solid solution phase, which means that the Ag deposits were crystalline. 
This shows that the sputtering deposition parameters, which can suppress the 
formation of crystalline phases in the TiAlCr(B) coatings, do not have the same effect 
in the microstructure o f the pure Ag deposit. This is reasonable since the amorphous 
phase formation is favoured in multielement systems [Elliot, 1990, Inoue 1998],
The high intensity o f the Ag peaks and the baseline at low 20 degrees mask the broad 
peak formed by the amorphous TiAlCrB layers around 39 20 degrees. However, 
comparison of this XRD data with the diffractograms from the as-deposited 
TiAlCr(B) deposits would suggest that amorphous phase was present in the 
TiAlCrB/Ag coating. It seems therefore that the crystalline Ag layers between the 
TiAlCrB layers did not affect the tendency o f the TiAlCrB deposits to form the 
amorphous phase under the particular deposition parameters.
P — TiAlCrB/Ag  TiAlCr TiAlCrB~
20 Degrees
Figure 5.42: X-ray diffractogram from the multilayer TiAlCrB/Ag coating exhibiting 
sharp crystalline peaks indexed to the Ag solid solution phase and a hillock around 39 
20 degrees formed by the amorphous TiAlCrB layers. The unlabeled peaks were 
formed by the y-TiAl based substrate.
Chapter 5 As-deposited Coatings 135
5.6 Growth of the TiAlCr-X Sputter Deposited Coatings
All the TiAlCr-X deposits exhibited columnar morphology. This morphology 
signifies that the growth o f  the coatings occurred parallel to the direction o f  the 
sputtered atoms flux. Nuclei formed by few impinging atoms grow preferentially 
along this direction, developing columns.
It is important to note that these columns are not necessarily crystalline grains. As the 
microstructural studies o f  the coatings showed, TiAlCr(B) coatings were mainly 
amorphous. Thus, the columns appearing in their morphology could not be crystalline. 
Mattox emphasized that columnar morphology can exist in a sputter deposited coating 
regardless o f  its amorphous or crystalline structure [Mattox, 1998].
In PVD deposits the boundaries between the columns are more like voids rather than 
grain boundaries [Thornton, 1974]. The intercolumnar coherency is much lower than 
the coherency in a single column. For this reason the crack propagation in a coating 
with columnar morphology is more likely to take place around the columns rather 
than through them (figure 5.43).
Figure 5.43: Fracture o f  a TiAlCr deposit. The crack propagated in the coating 
through the column boundaries.
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The coherency between bigger columns or nodules is even looser. Figure 5.44 shows 
the fracture cross-section o f  a multilayer TiAlCrB/Ag coating where big nodules have 
been extracted leaving cavities in the depicted section. Spalvins reported the tendency 
o f  a coating to break around the nodule edges and the role o f  a nodule as a source for 
crack initiation due to the localized stresses it exerts, especially in the case o f  thicker 
coatings where the nodule size increases [Spalvins, 1974]. Therefore, the nodular 
growth, which was observed in the multilayer TiAlCrB/Ag coatings, is detrimental for 
the mechanical properties o f  the coatings and should be avoided by increasing the 
surface smoothness o f  the substrate.
Figure 5.44: Cross section o f  a multilayer TiAlCrB/Ag coating showing that the 
fracture occurred around the nodules. Notice the topography o f  the fracture surface 
formed by the imprints o f  the extracted nodules and the hillocks o f  the nodules that 
remained in this section.
The nodular growth o f  the TiAlCrB/Ag coatings corresponds to the first zone in 
Thornton’ s structure model (figure 2.17), which is a porous structure consisting o f  
tapered columns separated by voids. The columnar growth o f  the TiAlCr(B) deposits 
though produced a denser structure with smaller columns o f  constant diameter for the
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whole thickness o f  the coating corresponding more to Zone T in Thornton’ s structure 
model. Zone T is a transition structure consisting o f  densely packed fibrous columns, 
having better mechanical properties [Thornton, 1975]. It should be noted that 
according to the deposition parameters o f  the TiAlCr(B) coatings, their morphology 
should be in the Zone 1 o f  the structure model. The shift o f  the zones’ boundaries in 
the Thornton’ s model can be attributed to the small thickness o f  the deposits studied 
in this work. The Thornton model, although it has become widely accepted, has been 
created on the basis o f  experimental results from thick sputter PVD coatings 
(thickness around 200pm) o f  various materials. Probably, for thinner coatings Zone 1 
is suppressed in favour o f  Zone T for the deposition parameters used in this work.
Locally, the columnar growth o f  a coating can change because o f  surface roughness or 
impurities. For instance, the TiAlCr coating in figure 5.45 exhibits a coarse nodular 
growth (Zone 1 in Thornton’ s model) because the image is taken from a site next to 
the edge o f  the metallic substrate where the surface was significantly scratched. Big 
nodules were fonned on the edge and on the scratches. The rest o f  the coating had the 
dense columnar morphology (Zone T) o f  the TiAlCr deposits shown in section 5.3.1.
Figure 5.45: Top view o f  the TiAlCr coating. On the edge o f  the Ti-48Al-2Nb-2Mn 
substrate (top) the coating exhibits nodular growth.
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Finally, it is important to bear in mind that sometimes in cross sectional studies o f  the 
morphology o f  a coating the specimen’ s fracture conditions should be taken into 
account because they can affect the cross sectional appearance o f  the coating. As 
figure 5.46 illustrates, the morphology o f  the same coating can appear different 
depending on the direction o f  the shear stress.
Figure 5.46: Cross sections o f  a TiAlCr coating. The fracture surface parallel to the a  
axis exhibits a dense columnar morphology while the two sides parallel to the [3 axis 
appear to be different.
5.7 Calculation of the Nanocrystals Size in the As-deposited 
Coatings
It is quite common for a broad peak in the X-ray diffractogram taken from a sputter 
deposit to be interpreted as sufficient proof for the amorphous structure o f  the coating. 
The results presented in this chapter for the as-deposited TiAlCr(B) coatings showed 
that XRD is not enough to prove the amorphous structure o f  a coating. The broad 
peak in the diffractogram does not exclude the existence o f  a small fraction o f  
nanocrystals that diffractogram and sometimes not even electron diffraction cannot 
detect. TEM observations and HREM studies are thus necessary to confirm whether a 
coating is fully amorphous.
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0.9%
B c o s (?b  <-5 ' 1 ^
where t is the grain size, X is the wavelength o f  the X-rays (0.154 nm for CuKa 
radiation), B is the FWHM o f  the peak in radian and 0 is the Bragg angle o f  the peak.
Scherrer’ s formula (5.1) is widely applied to calculate the grain size in the 
microstructure o f  coatings using the FWHM o f  the peaks in the X-ray diffractogram. 
However, in the case o f  nanocrystalline coatings Scherrer’ s formula should be used 
with caution. For instance, the FWHM o f  the broad peak in the TiAlCr and the 
TiAlCrB diffractograms was 4.8 degrees, which corresponds to 2.08 nm grain size 
according to Scherrer’ s formula. Yet, the TEM observations revealed the presence o f  
larger nanocrystals (with an order o f  magnitude larger average size) embedded in an 
amorphous phase.
5.8 Effect of the Deposition Temperature on the Microstructure of a 
Deposit
The formation o f  amorphous phase in the as deposited TiAlCr(B) coatings was not 
unexpected. At the low deposition temperature that the coatings were produced the 
Gibbs free energy curves, calculated using CALPHAD and a thermodynamic database 
developed by Shao, show that the amorphous phase is competing with the a  Ti solid 
solution phase in the ternary Ti-Al-Cr system when the Cr concentration is low and 
the Ti/Al atomic ratio is around one (Figure 5.47).
The micro structure o f  a deposit can be predicted assuming that the major criterion for 
the formation o f  amorphous or crystalline phases is the mobility o f  the impinging 
atoms on the surface o f  the coating. The mobility o f  the atoms, which is expressed by 
their mean diffusion length x, depends on the surface diffusivity, D s [Shao and 
Tsakiropoulos, 2000]:
Ds =\0~7 e '10^  (5-2)
where Tm is the melting point o f  the material, and T is the deposition temperature.
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Using the D s value we can calculate the mean diffusion length x  o f  the atoms on the 
surface o f  the coating as a function o f  the deposition temperature. The mean diffusion 
length x is calculated from the following equation [Cantor and Cahn, 1976]:
*  =  ( 5 - 3 )
where a  is the lattice parameter o f  the most favourite crystalline phase and R is the 
deposition rate. Therefore:
-iofm
40 1 ae T (5 -4)
hi the case o f  the TiAlCr(B) coatings the deposition rate was 1 pm/h or 0.277 nm/s, 
the melting point o f  the Ti-50Al-10Cr alloy was found by thermal analysis (see 
chapter 6) to be 1080 °C while the boron containing alloy had a higher melting point 
(1123 °C). The a lattice parameter o f  the a  Ti phase is 0.29 nm, which is also the 
smallest lattice parameter o f  all the candidate crystalline phases (Table 5.8). I f x>a, 
then it is possible for the randomly impinging Ti, A l and Cr atoms to diffuse on the
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surface o f the coating and arrange themselves so as to form the a  Ti phase hep lattice. 
The solution of equation 5.4 gives the maximum deposition temperature at which the 
formation of an amorphous deposit is still possible for the given deposition rate.
Phase Structure a (nm) b (nm) c (nm)
a—Ti Disordered hep 0.295 0.295 0.468
y-TiAl
Llo-Ordered
fct 0.4 0.4 0.407
o^-ThAl
DOi9-Ordered
hep 0.578 0.578 0.463
Laves-
Ti(Al,Cr)2
C14-Ordered
hep 0.506 0.506 0.822
Table 5.8: Lattice parameters of the crystalline phases that could be formed during the 
sputter deposition of the TiAlCr(B) coatings.
For the TiAlCr coating this temperature is 208 °C while for the TiAlCrB coating the 
temperature is 223 °C. The plot o f mean surface diffusion length against the 
deposition temperature is given in figure 5.48, where the solution of the equation 5.4 
is graphically depicted. In table 5.9 the calculated mean surface diffusion lengths for 
various deposition temperatures are listed.
■TiAlCr
■TiAlCrB
Temperature ( C)
Figure 5.48: Mean surface diffusion length against deposition temperature. The cross 
point of each curve with the horizontal (x=0.29 nm) line indicates the maximum 
deposition temperature below which the suppression of the crystalline phases in the 
deposit is possible. Apparently, this temperature is slightly higher for the TiAlCrB 
material.
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Deposition Temperature T 
(°C)
Mean diffusion length x (nm)
TiAlCr coating TiAlCrB coating
0 2.987 10'b 6.566 lO'6
25 2.55110‘6 5.249 1 0 5
50 1.564 10'4 3.042 10 '
100 2.832 10"d 5.041 1 0 J
150 2.587 10'2 4.301 10'2
200 1.480 10"1 2.332 10’ 1
250 6.068 10 '1 9.153 10’ 1
300 1.945 2.830
350 5.169 7.299
400 11.88 16.35
450 24.34 32.78
500 45.46 60.03
Table 5.9: Calculated mean surface diffusion lengths at various deposition 
temperatures for the TiAlCr coating (ft, =1080 °C) and the TiAlCrB coating 
(Tm=  1123 °C) with sputtering deposition rate i?=0.277 nm/s (1 pm/h).
Therefore, according to the previous calculations it is possible to produce amorphous 
TiAlCr(B) coatings by keeping the deposit’ s temperature during the deposition below 
35% o f  the melting temperature o f  each alloy. In practice it was not possible to test 
this prediction since no direct control o f  the deposition temperature was available in 
the sputter unit. It was found though that even in cases where the substrate’ s 
temperature reached 200 °C the amorphous phase was still formed.
However, as the micro structural studies o f  the TiAlCr(B) coatings showed the 
ambient deposition temperature did not exclude the formation o f  nanocrystals. The 
number and the size o f  these nanocrystallme domains in the amorphous phase could 
not be predicted, controlled or avoided completely. Their formation seems to be 
random but some factors may enhance it. For example, surface impurities or defects 
o f  the substrate can act as nucleation sites for the growth o f  crystallites. Furthermore, 
the uneven thermal conductivity o f  the substrate may increase the temperature locally 
and thus enhance the diffusion o f  the atoms and the possibility for them to be 
arranged with crystalline periodicity. The instabilities o f  the plasma during sputtering 
vapour deposition may also alter the microstmcture o f  the coating.
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All these factors possibly contributed to the formation o f  metastable a  Ti phase 
nanocrystals in the amorphous matrix o f  the TiAlCr(B) coatings despite the low 
deposition temperature. Improving these factors can minimize the amount o f  the 
crystalline domains in the deposit, but it proved quite hard to eliminate them. 
Consequently, the deposition temperature affects the deposit’ s microstructure but the 
latter is not fully controlled by the former. Deposition at temperatures below the 
maximum calculated for the formation o f  the amorphous phase cannot exclude the 
formation o f  nanocrystals.
5.9 Concluding Remarks
The as-deposited TiAlCr-X coatings were presented in this chapter. The TiAlCr and 
TiAlCrB coatings exhibited dense columnar morphology while the multilayer 
TiAlCrB/Ag coatings had a coarser columnar (nodular) morphology. The addition o f  
boron in the TiAlCr did not affect the columnar morphology o f  the deposit, hi both 
TiAlCr and TiAlCrB deposits amorphous phase was formed. Nanocrystals o f  the a  Ti 
phase with extended solubility in Al, Cr (and B in the case o f  the TiAlCrB coatings), 
were discovered in the amorphous phase. The size o f  the nanocrystals was slightly 
smaller in the boron containing coating and their volume fraction seemed to be higher 
than in the TiAlCr coating. The multilayer TiAlCrB/Ag coatings consisted o f  
amorphous TiAlCrB layers and crystalline A g layers.
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Chapter 6
6 Thermal Stability of the Coatings
6.1 Introduction
Further to the characterization o f  the as-deposited coatings presented in the previous 
chapter, the stability o f  their microstructure upon heating was assessed by thermal 
analysis. Differential Scanning Calorimetry (DSC) and Differential Thermal Analysis 
(DTA) were used to define the melting point and the transition temperature from 
amorphous to crystalline phases in the micro structure o f  the TiAlCr and TiAlCrB 
coatings. The activation energy for crystallization was calculated for each o f  the 
coatings and the heat released during crystallization was estimated. Following the 
thermal analysis experiments, the TiAlCr and TiAlCrB materials were examined by 
XRD and TEM to identify the phases formed. Long time isothermal tests above the 
crystallization temperature clarified the phase evolution path from the amorphous to 
the equilibrium phases. Thermal analysis below the crystallization temperature was 
performed to understand the role o f  the nanocrystals, which were present in the as- 
deposited microstructure, in the crystallization process.
6.2 Melting Point
Melting is an endothemiic phase transformation, since at the melting point the alloy 
absorbs heat until it transforms from the crystalline solid state to the amorphous liquid 
state. This absorption o f  heat is signified by a peak at a characteristic temperature in 
the heat flow versus temperature DSC graph. Thus, the DSC analysis o f  TiAlCr and 
TiAlCrB coatings separated from their substrates can give the melting point o f  the 
two coatings.
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6.2.1 The Ti-50Al-10Cr Alloy Coating
The DSC analysis was performed on 8 mg o f  freestanding TiAlCr coating at 20 K/min 
heating rate up to 1300 °C in Ar atmosphere. Figure 6.1 shows the DSC plot o f  the 
heat flow, normalized over the weight o f  the sample, against temperature. The same 
TiAlCr sample had been used in a previous DSC test for the identification o f  its 
crystallization temperature and thus it was already crystallized. This explains the 
absence o f  a crystallization exothermic peak in the graph. The curve exhibits the 
characteristic background o f  increasing heat flow  with temperature up to 1033 °C 
where the first slight absorption o f  heat from the sample is recorded. The clearly 
defined endothermic peak appears few degrees higher at 1080 °C. Therefore, the DSC 
analysis o f  the Ti-50Al-10Cr coating indicated that its melting point is 1080 °C.
It should be noted that this temperature is considerably lower than the melting point o f  
the binary Ti-50A1 alloy, which is about 1440 °C. This points out the drastic effect o f  
Cr addition to TiAl based alloys on reducing their melting point. The Ti-Cr and Al-Cr 
phase diagrams support this experimental finding. Furthermore, the actual melting 
point o f  the Ti-50Al-10Cr alloy was found significantly lower than the 
thermodynamically calculated one (1204 °C) [Wang, 2001].
Figure 6.1: DSC curve o f  the Ti-50Al-10Cr coating. The endothermic peak at 1080 °C 
corresponds to the melting point.
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6.2.2 The Ti-48AI-9Cr-4B Alloy Coating
The same experimental parameters were used to measure the melting point o f  the 
TiAlCrB coating in the DSC. The sample had been used in a previous test up to 800 
°C to find out its crystallization temperature. The DSC curve o f  heat flow, normalized 
over the weight o f  the sample, versus temperature was quite similar to the 
corresponding DSC curve for the TiAlCr coating with the exception o f  an exothermic 
peak at 848 °C, which could indicate a secondary phase transformation above the 
crystallization temperature for the TiAlCrB coating, or more likely a fluctuation in the 
DSC instrument’ s baseline.
The important difference between the DSC curves in figures 6.1 and 6.2 is the melting 
point. As seen in figure 6.2, the endothermic peak, which indicates the melting point, 
in the Ti-48Al-9Cr-4B alloy is shifted to higher temperature, at 1123 °C. In other 
words, the addition o f  boron increases the melting point o f  the ternary Ti-50Al-10Cr 
alloy. This is supported by the three binary phase diagrams o f  boron with each o f  the 
other elements in the coating (Al-B, Ti-B, Cr-B), see figure 6.3. The melting point o f  
Al-B increases so rapidly with minor boron addition (Al-B diagram) that counteracts 
the drop o f  the melting point in the Ti-B and Cr-B systems at low B concentrations.
Figure 6.2: DSC curve o f  the Ti-48Al-9Cr-4B coating. The endothermic peak at 1123 
°C indicates the melting point.
Chapter 6 Thermal Stability o f  the Coatings 147
Weight Percent Boron
Atomic Percent Boron
Atom ic Percent Boron
Figure 6.3: The Al-B, Ti-B and Cr-B phase diagrams [ASM  Handbook o f  Alloy 
Phase Diagrams]; 4at% B addition in Al increases the melting point about 300 °C 
offsetting the drop caused in the Ti-B and Cr-B systems.
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6.3 Crystallization Temperature
The crystallization temperature o f  an amorphous material is the temperature where the 
transformation from the amorphous to crystalline phases occurs. Crystallization is an 
exothermic transformation and thus can be detected by thermal analysis. Unlike the 
melting point and the glass transition temperature, the crystallization temperature is 
not a unique physical property o f  an amorphous material but depends on the heating 
rate. However, it is very important to know the temperature range over which 
crystallization occurs, because this denotes the stability o f  the amorphous phase.
Thermal analysis using the DSC and D TA techniques at various heating rates was 
performed to identify the crystallization temperatures for the TiAlCr and TiAlCrB 
coating at different heating rates. The activation energy for crystallization, which is a 
characteristic property o f  the amorphous phase, was calculated using Kissinger’ s 
formula.
6.3.1 The TiAlCr Coating
DSC tests at three different heating rates were performed with freestanding TiAlCr 
coating material to define the crystallization temperature o f  the TiAlCr amorphous 
phase. Heating was done at:
1. 5 degrees per minute up to 700 °C
2 . 20 degrees per minute up to 750 °C
3. 50 degrees per minute up to 790 °C
Since the increase o f  the heating rate shifts the crystallization peak to higher 
temperature, each time we increased the maximum temperature o f  the DSC 
experiment, hi these experiments the sample was continuously heated up to the 
maximum temperature and then was cooled down in an Ar gas flow. The aim was, 
apart from defining the crystallization temperature at each heating rate, to identify the 
crystalline phases formed at that temperature. For that reason, a few degrees above the 
crystallization temperature the heating was stopped and the sample was left to cool 
down, preventing any further transformations to occur. Figure 6.4 presents the DSC 
curves o f  heat flow per mg o f  material against temperature for the three heating rates. 
Table 6.1 summarizes the crystallization temperatures.
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Figure 6.4: DSC curves o f  heat flow, normalized over sample’ s weight, against 
temperature for three TiAlCr samples heated at (a) 5, (b) 20 and (c) 50 K/min.
Chapter 6 Thermal Stability o f  the Coatings 150
Heating Rate 
(K/min)
Crystallization Temperature 
(°C)
5 657 (60.8% Tm)
20 690 (62.0% Tm)
50 714 (66.1% Tm)
Table 6.1: Crystallization temperatures o f  the amorphous TiAlCr deposit at three 
different heating rates.
The three DSC plots exhibit the shift o f  the crystallization peak temperature to higher 
values with increasing o f  the heating rate, which is a common phenomenon in DSC 
analysis. Due to the higher rate o f  heat input in the sample, the material’ s response is 
slower and thus the crystallization peak develops at a higher temperature.
A  second finding, which is not illustrated clearly in figure 6.4a, was that the 
crystallization peak in the DSC curve from the test performed at 5 K/min heating rate 
is probably double (figure 6.5). The first peak was recorded at 657 °C and the second 
at 664 °C. Only the slowest heating rate resolved the two peaks. The double peak 
could indicate the transformation o f  the parent amorphous phase to two discrete 
crystalline phases. This was verified by the microstructural study o f  the sample after 
the DSC test, as it will be shown later in this section.
Figure 6.5: Zoom  in the DSC curve corresponding to the 5K/min heating rate 
experiment showing the double crystallization peak.
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Additionally, the DSC curves in figure 6.4 show that the intensity o f  the 
crystallization peak increased with heating rate. More important than the intensity o f  
the peak is the area below it, which has a significant physical meaning; it corresponds 
to the heat released during crystallization, i.e. the heat o f  formation o f  the crystalline 
phase(s). The heat o f  crystallization Hc o f  the TiAlCr deposit can be calculated from 
the DSC graphs by integrating the area below the crystallization peak for each heating 
rate:
) k t ) - T)b (t )
_______ r,
where f(T) is the function o f  the DSC curve, B(T) is the function o f  the baseline, <f) is 
the heating rate and Ti and T2 are the temperature values at the onset and at the end o f  
the crystallization peak respectively.
To identify the baseline o f  each curve, we ran DSC experiments at the three heating 
rates with empty alumina crucible and with specimen from the TiAlCr target, which is 
crystalline material o f  the same composition as the amorphous coating. Figure 6.6 
shows that the DSC curves o f  the blank alumina crucible and o f  the crystalline 
material did not exhibit any peaks, since no transformation occurred, which confirmed 
that the peaks in the three DSC curves in figure 6.4 were related to the transformation 
o f  the amorphous structure in the TiAlCr coating. The DSC plots o f  the blank alumina 
crucible and o f  the target were not horizontal lines. The different shape o f  the two 
curves should be attributed to the different heat capacities o f  alumina and the Ti- 
50Al-10Cr alloy. Table 6.2 gives the heat o f  crystallization o f  the TiAlCr amorphous 
phase for each heating rate, calculated by equation 6.1 using the empty alumina 
crucible baseline.
Heating Rate (K/min) Heat o f  Crystallization (KJ/mol)
5 0.518
20 3.044
50 7.278
Table 6.2: Heat o f  crystallization 0 
heating rates.
the amorphous TiAlCr deposit for the three
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50 K/min
Figure 6 .6 : DSC curves o f  the blank alumina crucible, the TiAlCr coating and the 
TiAlCr target at 50 degrees per minute heating rate.
The values for the heat o f  crystallization presented in table 6.2 are significantly lower 
than the heat o f  formation o f  the equilibrium phases in the Ti-50Al-10Cr alloy (y TiAl 
and Laves Ti(Cr,Al)2) according to thermodynamic calculations (above 50 KJ/mol). 
The reason for this difference is probably the incomplete crystallization o f  the 
amorphous phase during the DSC experiments, because o f  the slow kinetics o f  the 
transformation compared to the time the material was above the crystallization 
temperature. The microstructural study o f  the samples after the DSC tests confirmed 
this assumption.
The shift o f  the peak temperature in the three DSC plots can be used for the 
calculation o f  the total activation energy for the crystallization o f  the amorphous 
phase. The equation 6.2 was proposed by Kissinger to calculate the activation energy 
o f  a first order transformation using the temperature where the transformation appears 
to occur in a thermal analysis experiment (D TA or DSC) and the heating rate o f  the 
sample during the analysis [Kissinger, 1957].
E = _ R * M N 1  (6.2)
d ( l / T )
where E is the activation energy, T is the peak temperature, <|> is the heating rate and R  
is the gas constant.
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A  plot o f  ln(|)/T2 against 1/T for the three different heating rates should be a line. 
Indeed as it is shown in figure 6.7 the three points fit perfectly on a line described by 
the equation:
y = -35.206x + 21.706 (6.3)
Figure 6.7 shows the Kissinger plot and the slope o f  the line is equal to -E/R. 
Therefore, it is concluded that E=35.206R or 292.79 KJ/mol. This value is very close 
to the activation energies for volume interdiffusion in 0C2 (312 KJ/mol) and y (295 
KJ/mol) phases reported by Sprengel et al [1996] and to the activation energy for 
volume diffusion o f  Ti in the y phase (291 KJ/mol) [Kroll et al 1992]. Thus diffusion 
controls the overall kinetics o f  the transformation from the amorphous to the y and ct2 
phases.
It must also be noted that the activation energy for crystallization is significantly 
higher than the heat o f  crystallization. This indicates that crystallization is a 
phenomenon, which demands significant amount o f  energy to start but a very small 
fraction o f  this energy is released during the transformation. The high activation 
energy also explains the long-term stability o f  the metastable amorphous phase at low 
temperatures that it will be shown in section 6.5.1.
Figure 6.7: Kissinger plot; the slope o f  the line was used to calculate the activation 
energy for crystallization o f  the amorphous TiAlCr coating.
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Closing the description o f  the DSC experiments for the identification o f  the 
crystallization temperature o f  the TiAlCr deposit, it is worth referring to a DSC 
experiment performed in air instead o f  an argon atmosphere at 20 K/min heating rate 
up to 750 °C. The DSC curve exhibited a broad peak with onset around 540 °C and 
apex at 668 °C (figure 6 .8) indicating the crystallization o f  the amorphous TiAlCr 
phase. There was no other exothermic peak in the curve, hi other words the oxidation 
o f  the sample did not cause the formation o f  a peak at a specific temperature, which 
means that up to 750 °C the oxidation o f  the sample was limited and practically not 
detected in the DSC. This conclusion is supported by the small weight gain o f  the 
sample during the test (<3%). The crystallization o f  the amorphous phase occurred at 
a lower temperature in air (668 °C) than in argon (690 °C). This could be attributed to 
the diffusion o f  oxygen atoms in the amorphous material assisting its crystallization.
Figure 6 .8 : DSC curve o f  a TiAlCr amorphous deposit heated at 20 K/min in air.
The thermal analysis results concerning the crystallization temperature o f  the TiAlCr 
deposit produced by the Stanton Redcroft DSC instrument available at the University 
o f  Surrey Thermal Analysis laboratory were also verified by thermal analysis using 
the TGA/SDTA851 DTA instrument at the Mettler -  Toledo laboratories.
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The phases formed in the TiAlCr coating material after each DSC experiment were 
identified by X-ray and electron diffraction. Figure 6.9 shows the X-ray 
diffractograms o f  the TiAlCr deposits heated at the three different heating rates.
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Figure 6.9: X-ray diffractograms o f  TiAlCr deposits heated at (a) 5K/min up. to 700 
°C, (b) 20K/min up to 750 °C and (c) 50K/min up to 790 °C.
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In the X-ray diffractograms it is evident that during the DSC experiments the TiAlCr 
amorphous deposits crystallized. The most intense peak appears at 39 (figure 6.9a) to
39.2 (figure 6.9b, c) 20 degrees, i.e. at the position o f  the broad hillock in the XRD o f  
the as-deposited TiAlCr coating (see section 5.3.3). This peak corresponds to 
interplanar spacings d=2.258 to 2.543 A  and can be attributed to the (111) y TiAl and 
the (002) ot2 Ti3Al planes. The contribution o f  the a  Ti phase (O il) planes to this 
peak, especially in the case o f  the diffractogram in figure 6.9a, is also possible.
Three more peaks appeared in the diffractogram shown in figure 6.9b between 40 and 
45 20 degrees and another weak peak can be seen at 36 20 degrees, hi the 
diffractogram in figure 6.9c two extra peaks at 32.1 and at 45.8 20 degrees were 
formed. All these peaks were indexed to the y TiAl and ct2 Ti3Al phases, as shown in 
figure 6.9. It is interesting to note that at the positions where the additional peaks 
appear in the diffractograms o f  figures 6.9b and 6.9c there are two hillocks (between 
40 and 46 20 degrees) in figure 6.9a and one (at 45 20 degrees) also appeared in the 
diffractogram o f  figure 6.9b. The broad peaks would suggest the existence o f  retained 
amorphous phase and/or very fine nanograins in the TiAlCr material after the DSC 
experiments at 5 and 20 K/min heating rates.
The intensity o f  all the peaks in the diffractograms increased at higher heating rates. 
This could also indicate the increase o f  the volume fraction o f  the crystalline grains in 
the material. However, the FWHM o f  the strongest peak in the three diffractograms 
did not change significantly (see Table 6.3). As figure 6.10 shows, there was a minor 
shift o f  the strongest peak in the three diffractograms but not significant narrowing, 
which means (according to Scherrer’ s formula) that the average crystallite size in the 
three samples was almost equal (Table 6.3). The rest o f  the peaks exhibited similar 
behaviour.
In conclusion, according to the XRD results a bigger percentage o f  the amorphous 
TiAlCr deposit transformed to crystalline y and a 2 phases at the two DSC experiments 
with 20 and 50K/min heating rates than in the first one (5 K/min). The transformation 
involved pre-existing nanocrystallites (which might have transformed to a 2) in the 
deposit and the formation o f  new nuclei in the amorphous matrix. The different heats
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o f  crystallization at different heating rates could thus be attributed to the different 
extent o f  the transformation o f  the amorphous phase to a /a 2 and y.
Figure 6.10: The strongest peaks in the X-ray diffractograms o f  the TiAlCr coating for 
the as-deposited condition and after DSC experiments at three different heating rates.
As-deposited
DSC at 
5K/min 
heating rate
DSC at 
20K/min 
heating rate
DSC at 
5 OK/min 
heating rate
Peak 20 angle 39.1 39.0 39.2 39.2
FWHM (deg) 4.8 0.7 0.65 0.64
FWHM (rad) 0.0837 0.0122 0.0113 0.0112
Crystallite size 
(nm) 2.1 13.8 16.7 17
Table 6.3: Full width at half maximum o f  the strongest peak and the corresponding 
crystallite size (according to Scherrer’ s formula) for the as-deposited TiAlCr coating 
and the TiAlCr samples after the DSC experiments at three different heating rates.
TEM observations and electron diffraction confirmed that crystallization o f  the 
amorphous phase took place in the TiAlCr as-deposited material during the DSC tests. 
Figure 6.11 shows two bright field images taken from a sample that was heated at 5 
K/min up to 700 °C. Crystalline domains and lamellar colonies are seen in these 
images, as well as the sub column boundaries in the TiAlCr deposit, which apparently 
were not destroyed by heating. Electron diffraction patterns exhibited concentric rings 
indicating a nanocrystalline structure. Moreover, the inner ring was quite thick and 
diffuse, showing that a part o f  the amorphous phase was retained even after heating.
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Figure 6.11: Bright field images o f  a TiAlCr deposit after a DSC experiment at 5 
K/min up to 700 °C. Figure (b) shows some lamellar colonies at higher magnification, 
than in (a)
y(200)
a 2 ( 4 0 2 )
7(112)
Figure 6.12: Electron diffraction pattern from a TiAlCr deposit after a DSC 
experiment at 5K/min up to 700 °C showing the diffraction rings o f  the y and a 2 
atomic planes noted in the right side o f  the figure.
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Figure 6.11: Bright field images o f  a TiAlCr deposit after a DSC experiment at 5 
K/min up to 700 °C. Figure (b) shows some lamellar colonies at higher magnification, 
than in (a)
y ( 2 0 0 )
a 2 ( 4 0 2 )
7(112)
Figure 6.12: Electron diffraction pattern from a TiAlCr deposit after a DSC 
experiment at 5K/min up to 700 °C showing the diffraction rings o f  the y and 0C2 
atomic planes noted in the right side o f  the figure.
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Although the length o f  the y and a 2 plates in some lamellar grains exceeds lOOnm in 
figure 6.1 lb, the average grain size o f  this sample is about 50nm. The bigger grains 
formed the strong spots in the rings o f  the electron diffraction pattern in figure 6 .12.
The electron diffraction pattern from the TiAlCr deposit after the DSC experiment at 
20 K/min up to 750 °C consisted o f  a broad inner and three sharper outer rings, which 
were indexed to the same atomic planes o f  the y TiAl and a 2 Ti3Al phases (figure 
6.13). The number o f  the distinct strong spots in the rings increased slightly indicating 
perhaps some bigger grains in the microstructure o f  this sample. The spots inside the 
inner ring indexed to the planes with larger spacing such as (001 )y also became 
sharper.
Figure 6.14 shows the bright field and a corresponding dark field image from this 
sample. The microstructure does not differ significantly from that shown in figure 
6.11. It consists o f  equiaxed y, y + a 2 lamellar grains and a small amount o f  retained 
amorphous phase. The dark field image (figure 6.14b) was taken using the diffracted 
beam from the second ring from the centre o f  the pattern including some spots. The 
large grains (about lOOnm) revealed in the dark field image do not appear to be single 
grains but they seem to have some kind o f  structure.
Figure 6.13: Electron diffraction pattern from a TiAlCr deposit after a DSC 
experiment at 20 K/min heating rate, showing the presence o f  y and a 2 nanocrystals.
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Figure 6.14: (a) Bright and (b) dark field images from a TiAlCr deposit after a DSC 
experiment at 20 K/min up to 750 °C.
Electron diffraction on one o f  these grains using a smaller electron beam spot size (15 
nm) and tilting the sample produced the nanodiffraction pattern shown in figure 6.15, 
which is not a single phase electron diffraction pattern. It is the <101 > pattern o f  the y 
TiAl phase superimposed on the <1 120> pattern o f  the ot2 U 3AI phase. Therefore, 
electron diffraction confirmed the presence o f  both the y and 0,2 phases in this grain, 
despite the fact that it did not look like a typical lamellar grain in the bright field 
image. The diffraction contrast o f  the grains, and thus their appearance in the electron 
images, depends on their orientation. For this reason it is not always possible to define 
the mixed phase crystalline domains only by TEM imaging and electron diffraction is 
also necessary.
The electron diffraction pattern in figure 6.15 signifies also the [ 101 ]Y //[ 1120]ao
orientation relationship between the plates o f  the two phases in the lamellar grains. 
Figures 6.16 and 6.17 show two more nanodiffraction patterns from the same 
specimen.
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Figure 6.15: Nanodiffraction pattern from the grain depicted in the centre o f  figure 
6.14b from the TiAlCr deposit after a DSC experiment at 20 K/min up to 750 °C. It is 
a mixed pattern o f  the y < 101> electron diffraction pattern superimposed on the 
<1 120> EDP o f  the a 2 Ti3Al phase, (b) Simulated y <101 > electron diffraction pattern 
and (c) simulated a 2<l 120> electron diffraction pattern.
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Figure 6.16: (a) Nanodiffraction pattern from the TiAlCr deposit after a DSC 
experiment at 20 K/min up to 750 °C o f  the TiAl phase. Smaller grains around the 
analysed nanocrystalline domain created the ring in the pattern, (b) The simulated y 
< 112> pattern and (c) the simulated a 2 <0110> pattern.
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Figure 6.17: The a 2 phase < 1 120> pattern superimposed on the <112> pattern o f  the 
y phase. Streaking is indicative o f  the lamellar structure o f  the y plus a 2 domains.
The TiAlCr coating that was subjected to the DSC experiment at 50 K/min heating 
rate up to 790 °C exhibited also a y plus a 2 microstructure (figure 6.18).
Figure 6.18: Bright field and the corresponding dark field image o f  a lamellar y + a 2 
grain in a TiAlCr sample after a DSC experiment at 50 K/min heating rate up to 790
°C.
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Despite the higher maximum temperature in this DSC experiment no signs o f  the 
equilibrium Ti(Cr,Al)2 phase were found. The average grain size did not increase 
either. Only the area fraction o f  nanocrystals was higher in some areas o f  the sample 
as the dark field image in figure 6.19 indicates.
Figure 6.19: Dark field image o f  a TiAlCr deposit after a DSC experiment at 50 
K/min heating rate, showing a bigger area fraction o f  nanocrystals than the previous 
samples.
EDS analyses were performed in all TEM specimens on big lamellar grains as well as 
on bulk material. No! significant variations were observed, as Table 6.4 shows.
Element
DSC at 5K/min 
heating rate
DSC at 20K/min 
heating rate
DSC at 50K/min 
heating rate
Bulk Lamellargrain Bulk
Lamellar
grain Bulk
Lamellar
grain
Ti 40.46 39.44 41.53 39.39 40.56 39.10
Al 48.27 50.14 50.71 50.07 48.82 50.57
Cr 11.27 10.42 7.76 10.54 10.62 10.33
Table 6.4: EDS analyses o f  bulk material and lamellar grains for the TiAlCr coating 
after the three DSC experiments.
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6.3.2 The TiAlCrB Coating
The DSC experiments with freestanding TiAlCrB coating material were performed at 
the same conditions as the experiments with the TiAlCr deposit. However, 
crystallization temperature could not be identified this time. In order to examine the 
possibility of a higher crystallization temperature for the boron containing amorphous 
coating we repeated the DSC experiments at 5 and 20 K/min heating rate up to 1000 
°C. As figure 6.20 shows, the DSC experiments did not provide evidence of any 
exothermic peaks.
5K/min  20K/min
Figure 6.20: DSC curves from the TiAlCrB coating heated at 5 and 20 K/min up to 
1000 °C.
Realizing that the Stanton Redcroft DSC instrument at the University of Surrey was 
not sensitive enough to detect the crystallization of the amorphous TiAlCrB deposit, 
we selected another thermal analysis method to identify the crystallization 
temperature. DTA tests were performed at 50, 65 and 80 K/min heating rates up to 
800 and 1100 °C using the TGA/SDTA851 DTA instrument at the Mettler -  Toledo 
laboratories. Figure 6.21 gives the DTA curves at the three different heating rates and 
table 6.5 gives the crystallization temperatures measured in the three experiments.
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(a)
Figure 6.21: DTA curves o f  TiAlCrB deposits heated at (a) 50, (b) 65, (c) 80 K/min.
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Heating Rate 
(K/min)
Crystallization Temperature 
(°C)
50 685 (61.0% Tm)
65 686 (61.1% Tm)
80 690 (61.4% Tm)
Table 6.5: Crystallization temperatures o f  the amorphous TiAlCrB deposit at 50, 65 
and 80 K/min heating rates as defined by the DTA.
A  reference experiment with the TiAlCr deposit in the DTA at 50K/min in Ar 
atmosphere gave the same results with the DSC experiment. This experiment proved 
that although the crystallization temperature for the TiAlCrB coating was measured in 
another instrument using the DTA technique at higher heating rates, it is nevertheless 
comparable to the crystallization temperature o f  the TiAlCr coating.
Using equation 6.2 and the Kissinger plot (figure 6.22) the activation energy for the 
crystallization o f  the amorphous TiAlCrB coating was found to be 613.37 KJ/mol. 
This value is more than double the activation energy for the crystallization o f  the 
amorphous TiAlCr coating. This implies that a higher activation energy barrier should 
be overcome to crystallize the boron containing coating, which therefore should be 
expected to be more stable in the amorphous state.
Figure 6.22: Kissinger plot used for the calculation o f  the activation energy for the 
crystallization o f  the amorphous TiAlCrB coating.
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Unfortunately, the TiAlCrB sample after the DTA experiment at 65 K/min was not 
recovered. The rest o f  the samples were examined by XRD and TEM to identify their 
microstructure. Figure 6.23 shows the X-ray diffractograms from the samples heated 
at 50 and 80 K/min up to 800 and 1100 °C respectively. The figure 6.23a is similar to 
the XRD o f  the TiAlCr material after a DSC experiment at the lowest heating rate 
(fig. 6.9a). Apart from the strong peak at 39.3 20 degrees and the two smaller peaks at 
47.5 and at 56.3 29 degrees, which are all indexed to the y-T iA l and a.2 TL3AI phases, 
the other peaks are very weak and form two broad hillocks between 40 and 46 20 
degrees. In figure 6.23b more peaks o f  the y and ot2 phases have clearly formed as 
well as some weaker peaks possibly o f  the titanium boride phases (TiB and TiB2), 
which are likely to form.
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Figure 6.23: X-ray diffractograms from the TiAlCrB deposit after DTA experiments 
at (a) 50 and (b) 80 K/min.
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TEM studies also confirmed that the TiAlCrB amorphous coatings had crystallized in 
the DTA experiments. The microstructure o f the samples after the tests at 50 and 80 
K/min heating rates consisted of fine nanocrystals with average size below 40 nm. In 
the selected area diffraction patterns there were more concentric rings than in the 
patterns from the crystalline TiAlCr coating material after the DSC experiments. The 
extra diffraction rings could be attributed to the borides formed during crystallization. 
Figure 6.24 shows a SADP from the area shown in the bright and the corresponding 
dark field images from the sample heated at 50 K/min.
JN
(b)
Key of the 
SADP starting 
from the inner
ring__________
TiB2 (100) 
TiB (201) 
TiAl (111) 
Ti3Al (002) 
TiAl (200) 
TiB2 (101) 
Ti3Al (402) 
TiAl (112)
Figure 6.24: (a) Bright and (b) dark field images of the TiAlCrB coating after DTA at 
50K/min, showing the fine y , a 2, and possibly TiB, TiB2 grains formed. In the 
corresponding SADP (c) the part of diffraction rings used to take the DFI is circled.
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Figure 6.25 shows the bright and the dark field images taken from the TiAlCrB 
material heated at 80 K/min up to 1100 °C. The SADP from this sample exhibits the 
same diffraction rings with the SADP shown in figure 6.23c. The sharper rings in this 
case may indicate a slightly bigger average crystallite size. The micrographs though 
show that the average grain size was still below 40 nm.
Figure 6.25: (a) Bright and (b) dark field images o f  a TiAlCrB coating after the DTA
experiment at 80K/min up to 1100 °C, showing fine y , a 2, TiB and TiB2 grains. The 
corresponding SADP (c) consists o f  the diffraction rings indexed to the atomic planes 
o f  the above phases, as given in the table.
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Measurements o f  the spacing o f  the atomic planes in the nanocrystals seen in the 
microstructure o f  the TiAlCrB material heated at 80 K/min up to 1100 °C were 
performed in HR images. Figure 6.26 gives the different spacings measured in one o f  
these images. The 0.234nm spacing could correspond to the (111) planes o f  the 
orthorhombic TiB phase, the (11 l )y or the (002)a2 planes. The 0.221 nm spacing can
be indexed to the (201) planes o f  the TiB phase or the (201)a2 planes.
2 nm
Figure 6.26: HR image and two IFFTs o f the TiAlCrB sample heated at 80 K/min.
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EDS analysis and X-ray maps did not show the distribution of boron in the 
crystallized TiAlCrB specimens because the X-ray spectrometer could not detect it. 
The quantitative analysis with the EDS on different grains showed variations in Ti, Al 
and Cr concentrations. Table 6.6 shows some of the quantitative results, but it should 
be taken into account that the accuracy of these results is limited since the 
quantification was done without the use o f standards.
Ti 63.38 53.79 73.65
Al 14.87 30.74 6.85
Cr 21.76 15.48 19.50
Table 6.6: EDS quantitative analyses (at%) of different areas of the crystallized 
TiAlCrB material.
As the spectrum in figure 6.27 indicates, EELS did not detect boron. Despite the 
numerous spectra acquired in various areas of the specimen, boron rich grains were 
not located. This could suggest a very fine dispersion of borides in the crystallized 
TiAlCrB material. The energy filter maps showed some segregation of Ti, Al, and Cr 
in different sites (figure 6.28) and thus support the data in Table 6.6 qualitatively.
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Figure 6.27: Electron energy loss spectrum. The background does not exhibit any 
change at the boron characteristic energy loss (188 eV).
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Figure 6.28: Energy filter (b) Ti, (c) Al, (d) Cr maps o f  the area shown in the bright 
field image (a).
Comparing the micrographs from the TiAlCr and the TiAlCrB deposits after the 
thermal analysis experiments it becomes apparent that the boron containing material, 
despite the higher heating rates and maximum temperatures, had a finer 
microstructure consisting o f  more nanocrystals with a smaller average size than in the 
TiAlCr. This important finding implies that during the crystallization o f  the 
amorphous TiAlCrB material the boron favours the nucleation o f  crystalline domains 
in the amorphous phase rather than the growth o f  the pre-existing nanocrystallites that 
were o f  a higher volume fraction compared to the TiAlCr coating. It is interesting to 
note that even the y plus a 2 lamellar grains, which in the TiAlCr material measured up 
to 100 nm in length after heating, in the TiAlCrB coating were limited down to 30 
nm.
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Figure 6.29 shows the HR image and the corresponding FFT of two lamellar grains 
from the TiAlCrB sample after the DTA test at 80 K/min up to 1100 °C.
5 1 /  nm
Figure 6.29: HR image from TiAlCrB material after the DTA experiment at 80 K/min 
up to 1100 °C, showing the atomic planes in many nanocrystalline domains with 
different orientations. In the centre of the image two lamellar grains appear. In the 
IFFT (c), created by the circled spots in the FFT (b) of the HR image, the TiAl plates 
of the lamellar grain are resolved. The measured spacing of the atomic planes was 
0.234nm. Moire patterns are also present in the image.
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6.3.3 The T iA lC rB /A g Coating
Finally, a brief reference to the multilayer TiAlCrB/Ag coatings should be made. As 
described in the previous chapter their microstructure consisted o f  crystalline Ag and 
amorphous TiAlCrB layers. Therefore, they were expected to exhibit a crystallization 
temperature close to that o f  the TiAlCrB coating. However, the D TA curve o f  the 
TiAlCrB/Ag sample heated at 50 K/min did not exhibit a clear crystallization peak 
(fig. 6.30). This could be attributed to the less amount o f  amorphous material in the 
TiAlCrB/Ag sample in combination with the limited instrument sensitivity. 
Alternatively, the crystalline Ag layers could act as nucleation sites for the 
crystallization o f  the amorphous TiAlCrB layers and thus trigger the start o f  the 
transformation at a lower temperature and maintain it over a broader temperature 
range. The X-ray diffractogram o f  the TiAlCrB/Ag material after the DTA test 
showed that crystallization had occurred during the DTA experiment since the 
strongest peaks o f  the y and a 2 phases were present (figure 6.31).
Figure 6.30: DTA curve from the multilayer TiAlCrB/Ag coating heated up to 800 °C 
at 50 K/min.
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Figure 6.31: X-ray diffractogram from the multilayer TiAlCrB/Ag coating after the 
DTA experiment up to 800 °C at 50 K/min.
6.4 Phase Evolution Above the Crystallization Temperature
Microstructural studies both o f  the TiAlCr and the TiAlCrB coatings after the 
continuous heating thermal analysis experiments showed that the equilibrium phases 
did not form directly from the amorphous phase. Although the y TiAl phase appeared, 
there were no clear signs o f  the other equilibrium phase, which is the Ti(Al,Cr)2 Laves 
phase. Therefore, it would be interesting to examine how the transformation fi'om the 
metastable y and a 2 microstructure to the equilibrium one occurs after heating the 
sample above the crystallization temperature.
To clarify this point DSC was again employed. The TiAlCr amorphous coating was 
heated in Ar atmosphere at 50 K/min up to 760 °C and was left at this temperature for 
8 hours. Figure 6.32 presents the DSC curve o f  the heat flow per mg o f  material 
against time for this experiment. Apart from the exothermic peak appearing after 15 
minutes from the start o f  heating the sample from room temperature, which 
corresponds to the transformation o f  the amorphous phase to the y and a 2 phases 
(section 6.3.1), the curve does not exhibit any other peaks. The lack o f  a clear peak 
indicates that the transformation from the y plus a 2 to the y plus Laves phase 
microstructure is very sluggish at 760 °C. TEM observations o f  the sample after the 
DSC confirmed this.
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Figure 6.33 shows the bright field image o f  a y + a 2 lamellar grain in this sample. The 
dark particle at the edge o f  this grain could be a Ti(Cr,Al)2 crystallite, growing at the 
expense o f  the a 2 plate. The size o f  this crystallite is too small to obtain an electron 
diffraction pattern from it. The SADP from a bigger area around this grain exhibits 
diffraction rings corresponding to the C14 Ti(Cr,Al)2 phase, thus confirming the 
presence o f  Laves phase. The fact that the Laves phase exists in the microstructure o f  
the isothermally annealed material but its formation was not detected by the DSC 
implies that the transformation o f  the metastable phases to the equilibrium y plus C14 
Ti(Cr,Al)2 is very slow.
0.8
Time (min)
Figure 6.32: DSC curve from an isothermal experiment at 760 °C o f  a TiAlCr deposit.
Figure 6.33: TEM image and SADP from a TiAlCr deposit heated at 760 °C for 8 
hours.
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6.5 Thermal Stability Below the Crystallization Temperature
In isothermal annealing below the crystallization temperature, which is defined by 
continuous heating thermal analysis, the crystallization process starts after a certain 
period o f  time, which is called incubation time and depends on the annealing 
temperature. The incubation time can be defined experimentally by isothermal 
analysis in the DSC or DTA as the time when the first exothermal peak appears. 
However, the intensity o f  this peak is not very strong. Especially at low temperature 
annealing the heat flow is often below the detection limit o f  DSC instruments and thus 
the peak cannot be resolved from the baseline.
6.5.1 The T iA lC r Coating
A  24 hour isothermal annealing at 600 °C was carried out on a sample o f  freestanding 
TiAlCr coating in the DSC. The first exothermic peak appeared after 330 minutes 
(5hl/2) from the start o f  the annealing experiment. This can be considered as the 
incubation period for the crystallization o f  the TiAlCr amorphous coating at 600 °C. 
The heat flow versus time DSC curve exhibited three more distinct peaks at 497, 835 
and 1217 minutes and weaker peaks emerging from the baseline (figure 6.34). It is 
possible that each strong peak corresponds to the formation o f  the a, a2, y and Laves 
phases respectively. Unfortunately, this could not be confirmed as the small amount 
o f  the sample (5mg), did not allow for the microstructural characterization o f  the 
sample by XRD or TEM after annealing.
Figure 6.34: DSC curve from an isothermal experiment at 600 °C for the TiAlCr 
amorphous deposit.
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The long term stability o f  the amorphous structure o f  the deposits at room temperature 
was evaluated over a period longer than one year. Both the TiAlCr and the TiAlCrB 
coatings remained amorphous for that period o f  time. The stability o f  the amorphous 
structure o f  the as-deposited materials was confirmed by XRD and TEM a year after 
their sputter deposition. Figure 6.35 shows the X-ray diffractogram o f  a TiAlCr 
coating taken twelve months after its production. It exhibits a broad peak around 40 
20 degrees similar to the one noticed in the XRD o f  the as-deposited TiAlCr coating 
in figure 5.18. This hillock proves the presence o f  the amorphous phase in the sample.
Figure 6.35: X-ray diffractogram o f  the as-deposited TiAlCr coating a year after its 
sputter deposition.
Continuous heating can yield interesting information about the transition o f  an 
amorphous phase below the crystallization temperature. The DSC curves o f  the 
TiAlCr coating heated at 20 and 50 degrees per minute exhibited a broad hillock at a 
lower temperature range than the crystallization peak (figure 6.4 b,c). In order to 
investigate the significance o f  this hillock we ran three DSC experiments with as- 
deposited TiAlCr material at 5, 20 and 50 K/min up to the temperature where the 
hillock ends (550 °C) and then cooled down the samples. The microstructure o f  each 
o f  the samples was studied in the TEM.
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According to the results presented in section 6.3.1, the TiAlCr amorphous deposit 
should not crystallize at 550 °C under continuous heating conditions, since the 
crystallization temperature o f  the TiAlCr coating was found to be above 650 °C even 
at the slowest heating rate. However, the TEM observations revealed domains with 
relatively sizeable nano grains, especially in the sample heated at 50 K/min (figure 
6.36) and less in the sample heated at 20 K/min (figure 6.38). The microstructure o f  
the sample heated at 5 K/min consisted o f  very finely dispersed a  Ti phase 
nanocrystallites and was quite similar to that o f  the as-deposited TiAlCr coating 
(figure 6.37). EDS analyses in the TEM o f  the nanograins in the samples heated at 50 
K/min showed that they were rich in Ti and thus could be metastable a  Ti phase 
exhibiting extended solubility in Al and Cr (Table 6.7).
Therefore, a  Ti phase nanocrystals appear in the amorphous TiAlCr matrix below the 
crystallisation temperature and their size is bigger when the material is heated rapidly. 
These a  Ti nanocrystals could be either the prior nanocrystallites that were present in 
the as-deposited coating that grew owing to the heating o f  the material or new grains 
nucleated during heating. Besides, thermodynamic calculations suggest that above 
400 °C the a  Ti phase is more stable than the amorphous phase and thus the 
transformation o f  the amorphous phase to the a  Ti phase is possible (see figure 6.39).
In conclusion, the crystallisation temperature defined by the continuous heating 
thermal analysis experiments o f  the TiAlCr coating (section 6.3) refers to the 
formation o f  the y plus a 2 phases either directly from the amorphous phase or from 
the transformation o f  the metastable a  Ti phase nanocrystallites that had already 
formed and acted as nucleation sites for the further crystallization o f  the amorphous 
material.
Chapter 6 Thermal Stability o f  the Coatings 181
Figure 6.36: Bright field and dark field images with the corresponding SADP from the
TiAlCr coating heated at 50 K/min up to 550 °C. The spherical a  Ti phase nanograins 
are clearly seen in the micrographs. The average size o f  these grains is above 50nm. 
The random spots in the SADP are attributed to the bigger grains.
Ti Al Cr
a  nanocrystallites 65.6 20.9 13.5
Bulk material 41.5 50.7 7.8
Table 6.7: EDS analyses in the TEM o f  the a  Ti phase nanocrystallites and the bulk 
material.
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Figure 6.37: Bright and dark field images with the corresponding SADP from the 
TiAlCr coating heated at 5 K/min up to 550 °C, indicating the presence of fine a  Ti 
phase nanograins. The weak diffuse ring of the amorphous matrix is in the vicinity of 
two inner rings, (1010)a and (0002)a.
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Figure 6.38: Bright field image and selected area diffraction pattern from the TiAlCr 
coating heated at 20 K/min up to 550 °C.
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Figure 6.39: Gibbs energy curves o f  competing disordered solution phases in the Ti- 
50Al-xCr alloys at 673 K. It is evident that at low Cr concentrations the hep a  Ti 
phase is more stable than the amorphous.
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6.5.2 The TiAlCrB Coating
The DTA curves for the TiAlCrB coating (see fig. 6.21) exhibited hillocks below the 
crystallization temperature too. Samples from the TiAlCrB deposit were heated up to 
600°C at 5, 20 and 50 K/min heating rates in Ar atmosphere. No significant growth of 
the nanograins in the TiAlCrB deposit was observed upon heating and thus the 
hillocks should be attributed to the DTA instrument’s baseline. Thickness maps of the 
sample heated at 20K/min revealed thinner elongated regions, which could be borides 
formed during heating and then partially etched in the ion beam thinning of the TEM 
sample (figure 6.40). However, as figure 6.41 indicates, EELS did not detect boron.
Figure 6.40: (a) Bright field image and (b) thickness map from the TEM sample of the 
TiAlCrB coating heated at 20 K/min up to 600 °C.
Figure 6.41: EELS analysis of the TiAlCrB coating heated at 20 K/min up to 600 °C. 
The spectrum does not exhibit the B K edge at 188 eV.
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Similar domains were also noticed in the sample heated at 50K/min. Figure 6.43 
shows that the elongated features appear differently at over focus and under focus 
conditions. Figure 6.42 d indicates their increased O concentration. Therefore, it is 
more likely that these domains were not borides but parts o f  the columnar boundaries, 
since the columnar morphology o f  the deposit had been partially retained.
Figure 6.42: (a) Bright field image and the corresponding (b) Ti, (c) Cr, (d) O energy 
filter mages from the TiAlCrB coating heated at 50 K/min up to 600 °C. The Ti map 
exhibits similar contrast to the BFI, while the Cr map indicates some spots with 
higher Cr concentration and the O map shows the segregation o f  the oxygen along the 
brighter lines in the BFI, which are columnar boundaries in the as deposited coating 
morphology.
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Figure 6.43: The left column shows three bright field images under, in and over focus 
o f  the TiAlCrB coating heated at 50 K/min up to 600 °C. The right column shows 
three higher magnification images with different grade o f  focus depicting a detail 
from the first series o f  images, which is actually part o f  a columnar boundary.
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6.6 Crystallization Mechanism of the Amorphous Deposits
Koster and Weiss [1975] defined three different types of crystallization of amorphous 
solids depending on the chemical composition of the amorphous phase:
1. Polymorphous crystallization, where an amorphous phase crystallizes into a 
single nanocrystalline phase of the same chemical composition. This type of 
transformation can occur for compositions near the stoichiometiy of a 
compound or a pure element.
2. Eutectic crystallization, where an amorphous phase crystallizes to two 
nanocrystalline phases simultaneously, similarly to the eutectic crystallization 
of a liquid. Eutectic crystallization applies to amorphous materials with 
compositions in a small concentration range around the equilibrium eutectic 
composition.
3. Primary nanocrystallization, where the amorphous phase, with a composition 
out of the ranges for polymorphous or eutectic type of crystallization, 
transforms first into a primary crystalline phase, which is a supersaturated 
solid solution or a compound. The nanocrystallites of this primary phase 
remain embedded in the amorphous matrix until the second stage of the 
transformation when the residual amorphous phase crystallizes into the solid 
solution or intermetallic phases following the polymorphous or the eutectic 
type of crystallization.
The TiAlCr and TiAlCrB amorphous coatings would be expected to follow a primary 
crystallization mechanism. The Koster and Weiss approach to the crystallization of 
amorphous solids could also be applied to the crystallization during the deposition of 
the TiAlCr(B) coatings, hi other words the primary crystallization of the amorphous 
coatings during their heating would produce nanocrystallites of the same phase as the 
nanocrystallites formed in the as-deposited coating. This is supported by the 
calculated Gibbs energy curves for the Ti-50Al-xCr alloys in figure 5.47 and 6.39 
indicating that the a Ti solid solution phase is the second more favourite phase to 
form after the amorphous, which explains the presence of this phase both in the as- 
deposited coatings and in the coatings heated below the crystallization temperature.
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The primary crystallization has been reported in Niioo-x-Px alloys for x<18.2%  
describing the formation of Ni solid solution nanocrystallites [Dong et al, 1994] and 
in a (Fe99Cui)78Si9Bi3 amorphous alloy referring to the random precipitation of a- 
Fe(Si) phase nanocrystallites followed by a eutectic crystallization of the residual 
amorphous phase into the a-Fe(Si) and the Fe2B phases [Liu, 1994]. Primary 
crystallization has also been reported in many Al base amorphous alloys concerning 
the formation of a high density dispersion of Al solid solution nanocrystals in the 
amorphous matrix [Battezzati et al, 1994 and Perepezko et al, 2003].
Lu et al [1993] found that nanometer size crystalline grains formed during the 
crystallization of a Ni-P glass when it was annealed isothermally below the usual 
crystallization temperature or heated at a low heating rate, and similar behaviour was 
reported in the crystallization of amorphous alloys in the Fe-Co-Zr, Co-Zr, Fe-Si-B 
Fe-Mo-Si-B systems.
Finally, it should be noted that the structure of the nanocrystals usually deviates from 
the perfect equilibrium crystal lattice. This deviation refers to the composition and 
lattice parameters of the nanocrystals. Increased maximum solid solubility of P in Ni 
solid solution (up to 15 times the equilibrium), of H in Pd (up to 100 times) and of Bi 
in Cu nanocrystals (up to 4% from 10'4) has been reported [Lu et al, 1994, Hahn et al, 
1989].
Furthermore, line compounds such as Ni3P and Fe2B exhibited different lattice 
parameters compared to the corresponding equilibrium lattices. Sui et al [1994] 
measured 0.21% increase in the a lattice parameter and 0.13% decrease of the c lattice 
parameter in 6 nm Ni3P nanocrystals and Liu et al [1993] reported 0.22% increase of 
the a lattice parameter and a 0.24% decrease of the c lattice parameter in 25 nm Fe2B 
nanocrystals of a Fe-Mo-Si-B nanocrystalline alloy, according to quantitative XRD 
measurements. These results are in accordance with our findings for the extended 
solubility of Al, Cr and perhaps B in the a Ti nanocrystals.
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6.7 Concluding Remarks
The amorphous phase in the TiAlCr and the TiAlCrB coatings exhibited significant 
stability up to 0.6-0.7 of their melting points in continuous heating. The increase of 
the heating rate resulted in a higher crystallization temperature and the crystallization 
temperature shift was bigger for the TiAlCr coating. The activation energy for the 
crystallization of the amorphous TiAlCrB coating was double that for the TiAlCr 
coating.
The crystallization temperatures at three different heating rates for the two coatings fit 
very well to logarithmic curves in a temperature versus time plot, as shown in figure 
6.44. The relative position of the two curves indicates that only for very slow heating 
rates (below 6.7 K/min) the TiAlCrB coating has a higher crystallization temperature 
than the TiAlCr coating, which could imply, if we extrapolate the two curves to 
longer times, an improved stability of the boron containing amorphous phase in 
isothermal annealing.
Figure 6.44: Temperature versus time curves for the crystallization of the TiAlCr and 
the TiAlCrB amorphous coatings, based on the results of the continuous heating 
thermal analyses.
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Furthermore, at higher heating rates the fraction of the residual amorphous phase, 
which did not crystallize during the continuous heating, decreased. It is also 
interesting to note that the crystallization temperature of the TiAlCr coating was lower 
during continuous heating in air than in argon, as shown in figure 6.8.
The phase evolution path during the crystallization of the Ti-50Al-10Cr amorphous 
coating was:
Amorphous - »  a-Ti —» a2-Ti3Al + y-TiAl —> y-TiAl + Ti(Cr, Al)2 Laves
The first transformation from the amorphous to the a-Ti phase refers to the primary 
crystallization of the amorphous phase, which was denoted by the broad peak in the 
DSC curves from the TiAlCr deposit heated at 20 and 50 K/min, shown in figure 6.4. 
Given that a  nanocrystallites pre-existed in the as-deposited microstructure the broad 
peak in the DSC curve should be attributed mainly to the growth of these 
nanocrystallites since grain growth is also exothermal. The fact that the prior 
nanocrystals grew gradually over a range of temperatures during continuous heating 
explains the broadness of the peak. The large size of the a-Ti nanocrystals, which 
increased at the higher heating rate, also suggests that the primary crystallization in 
the TiAlCr coating involves mainly the growth of the prior a-Ti nanocrystallites 
rather than the nucleation of new ones. These a-Ti nanocrystals along with the 
retained amorphous phase were transformed to the a2-Ti3Al and y-TiAl phases at the 
crystallization temperature and then the equilibrium y-TiAl plus Ti(Cr, Al)2 Laves 
phases were formed slowly.
In the TiAlCrB amorphous coating the crystallization process involved the primary 
crystallization, which is mainly related to the nucleation of new a Ti and possibly of a 
small fraction of borides nanocrystals rather than the growth of the prior 
nanocrystallites. After the primary crystallization the formation of the y and a2 phases 
followed and then the final transformation to the y plus Laves microstructure 
gradually occurred:
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Amorphous -»  a-Ti + (TixBy)—» a2-Ti3Al H- y-TiAl + (TixBy) —»
->  y-TiAl + (TixBy) + Ti(Cr, Al)2
It seems that the difference in the crystallization paths of the two materials rather than 
the heating rate affected the average grain size of the microstructure formed upon 
continuous heating. The average grain size was about 50nm for the TiAlCr coating 
and below 40nm for the TiAlCrB coating, presumably due to the presence of borides. 
Furthermore, the higher undercooling in the amorphous coating containing boron 
could be responsible for the nucleation of the primary crystallites at a higher 
nucleation rate and the finer microstructure in this material after crystallization.
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Chapter 7
7 Oxidation Studies
7.1 Introduction
The aim of the development of the TiAlCr-X coatings is to improve the high 
temperature oxidation resistance of the TiAl based alloys, as discussed in Chapter 2. 
hi this Chapter the oxidation resistance of the TiAlCr, TiAlCrB and TiAlCrB/Ag 
coatings deposited on Ti-48Al-2Nb-2Mn substrates will be discussed on the basis of 
results of thermogravimetric (TG) tests in air at 800 °C. The oxidation resistance of 
the uncoated Ti-48Al-2Nb-2Mn substrate, the Ti-50Al-10Cr and Ti-48Al-9Cr-4B 
target alloys was also evaluated by TG experiments. The weight change per unit area 
of specimen during 200 hours exposure at 800 °C in air was used to compare the 
oxidation resistance of the different materials. The morphology and structure of the 
scales formed on each material were studied by FEG-SEM, EPMA and XRD. XPS 
analyses were also performed on the oxides.
7.2 The Ti-48Al-2Nb-2Mn Substrate
The mass gain of the Ti-48Al-2Nb-2Mn substrate alloy oxidized at 800 °C for 200 
hours was 1.6 mg/cm2 at the end of the TG experiment. The weight of the specimen 
increased during the oxidation test following the parabolic curve shown in figure 7.1 
with parabolic rate constant kp=0.0121 mg2/ cm4h. The parabolic oxidation behaviour 
and the actual value of the mass gain after 200h at 800 °C in air are typical for the Ti- 
48Al-2Nb-2Mn alloy according to the literature [Brady et al 1996, Haanappel et al 
1999, Fergus 2002]. The scale formed on the Ti-48Al-2Nb-2Mn substrate alloy 
exhibited severe spallation, as shown in figure 7.2. The light microscope images in 
figure 7.3 show a closer view of the scale. Spalled domains exhibit blue-black colour 
while the sites where the scale was intact appear brown (figure 7.3).
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Figure 7.1: Mass gain per unit area as a function of time for the oxidation of the Ti- 
48Al-2Nb-2Mn substrate alloy at 800 °C.
Figure 7.2: The Ti-48Al-2Nb-2Mn specimen after 200 hours exposure in air at 800 
°C. Some of the scale spallation sites are clearly seen on the top and side surfaces.
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Figure 7.3: Two views in the optical microscope of the Ti-48Al-2Nb-2Mn specimen 
after 200 hours exposure in air at 800 °C. In (a) the boundary between a spalled (blue, 
black) area and an intact (brown) area is shown, while in (b) intact brown regions 
appear in the blue background formed by spalled scale.
XPS analysis on the spalled and intact scale domains showed higher Al and Nb 
concentrations and lower Ti, Mn and N concentrations in the spalled regions (figures
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7.4 and 7.5). The data for Al, Mn, and Nb imply that Nb oxide was present in the 
scale together with Al and Ti oxides.
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Figure 7.4: XPS spectra from an area of the Ti-48Al-2Nb-2Mn specimen after 200 
hours oxidation at 800 °C, which did not spall (brown in figure 7,3). Quantitative 
analysis gave: 18.6at% Ti, 3.8at% Al, 68.1at% O, 5.9at% N, 3.6at% Mn.
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Figure 7.5: XPS spectra from an area of the Ti-48Al-2Nb-2Mn specimen after 200 
hours oxidation at 800 °C, where the upper part of the scale has spalled (blue black 
region in figure 7.3). Quantitative analysis gave: 16.5at% Ti, 11.9at% Al, 68.2at% O, 
2.0at% N, 1.4at% Nb.
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X-ray diffraction showed the presence o f  titania and alumina in the scale formed on 
the Ti-48Al-2Nb-2Mn alloy during the 200 hours oxidation at 800 °C, which is 
consistent with previous research for this alloy [Haanappel et a/ 1999]. All the peaks 
were indexed to titania and alumina phases except for few peaks which were indexed 
to y TiAl and a2 Ti3Al phases and are attributed to the diffraction o f  X-rays on the 
bulk Ti-48Al-2Nb-2Mn material under the oxides (figure 7.6). The intensities o f  the 
titania peaks in the X-ray diffractogram could indicate that titania was the 
predominant phase. This is in accordance with the linescan and X-ray mapping results 
from the EPMA (figures 7.7 and 7.8).
Figure 7.6: X-ray diffractogram o f  the Ti-48Al-2Nb-2Mn alloy oxidized at 800°C for 
200 hours.
The X-ray linescan along the depth o f  the scale shown in figure 7.7 provides evidence 
for the high titanium concentration on the top layer o f  the scale and for the variation 
o f  the elements’ concentrations along the thickness o f  the scale. The total thickness o f  
the scale is about 12 pm. Clearly, the top 2-3 pm thick layer (far left in the image) 
consists mainly o f  titanium oxide and below there is an aluminium rich 6 pm thick 
layer. The higher A l concentration indicates the presence o f  mixed aluminium -  
titanium oxides in this layer. For the rest 3-4 pm o f  the scale up to the bulk alloy, the 
titanium concentration increases suggesting an increase in the titania/alumina ratio. It 
is also interesting to note the segregation o f  Nb and Mn at the interface between the 
scale and the bulk alloy and the presence o f  some Nb in the scale, but not Mn, in 
agreement with the XPS results.
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Figure 7.7: Cross section image of the Ti-48Al-2Nb-2Mn alloy oxidized at 800°C for 
200 hours showing the range of oxide layers along the depth of the scale. The X-ray 
spectra acquired by EDS depict the variation of O, Al, Nb, Ti and Mn along the 
yellow line in the backscattered image.
Table 7.1 gives the EDS analysis results for the top and middle layers as well as for 
the interface of the scale with the bulk material. The analysis was made by
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stoichiometry, assuming that all O was in the form o f  oxides. Table 7.2 presents the 
elemental composition o f  the interface layer confirming the Nb and Mn segregation in 
this layer.
Oxide Top layer Middle layer
Interface with the bulk 
alloy
T i0 2 88 48 55
A120 3 12 52 45
Table 7.1: EDS analyses by stoichiometry showing the percentage o f  T i0 2 and A120 3 
present in three different layers o f  the scale.
Element Ti Al 0 Nb Mn
Atomic % 16.2 32.3 35.6 7.8 8.1
Table 7.2: Elemental EDS analysis o f  the interface, indicating the segregation o f  Nb 
and Mn in this zone and the reduced concentration o f  O compared to the higher 
layers.
The analysis o f  the interface by stoichiometry in table 7.1 does not agree with the 
elemental analysis results in table 7.2. The latter show that Nb and Mn concentrations 
in the interface are four times the nominal values in the Ti-48Al-2Nb-2Mn alloy, 
while the O concentration is lower than in the upper layers o f  the scale. The first fact 
indicates the segregation o f  Nb and Mn in the interface and the second that in this 
layer the elements were present not only in their oxidized state but also in the metallic 
one. Therefore, the EDS analysis by stoichiometry is not correct at the interface layer.
X-ray elemental maps acquired by the EDS confirmed the previous results, showing 
four distinct layers within the cross section o f  the scale. In the top one only Ti and O 
appear to be present, signifying an almost pure titania surface oxide. Below the top 
layer there is an aluminium rich layer containing some Ti. The third layer yields more 
counts in the Ti X-ray map and few in the Al. There is also a faint signal from this 
layer in the Nb map. Finally, in the interfacial layer Nb coexists with Mn at positions
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where O and Ti are not present. The Al appears mainly in the positions where Nb and 
Mn are present.
Figure 7.8: Secondary and backscattered cross section images plus the O, Al, Nb, Ti, 
Mn X-ray maps o f  the Ti-48Al-2Nb-2Mn alloy oxidized at 800°C for 200 hours. The 
X-ray maps illustrate the variation in the concentration o f  the elements in the four 
distinct layers o f  the scale. The analysed area is the same as in figure 7.7.
FEG SEM micrographs demonstrated the coarse morphology o f  the faceted titania 
grains on the surface layer o f  the scale (figure 7.9), in agreement with previous report 
[Haanappel et al 1999]. The fast growth o f  this layer is the reason for the high mass 
gain during the oxidation o f  the Ti-48Al-2Nb-2Mn alloy at 800 °C. The layers below, 
which were revealed at the sites where the scale spalled, consisted o f  smaller grains 
and only few larger faceted titania grains appear in them (figure 7.10).
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Figure 7.9: Topside view o f  a fractured cross section o f  the scale formed on the Ti- 
48Al-2Nb-2Mn specimen during the 200 hours oxidation test at 800 °C. At this site 
the scale was found to be intact consisting o f  coarse faceted titania grains on its free 
surface.
Figure 7.10: Morphology o f  the scale o f  the Ti-48Al-2Nb-2Mn alloy after the 200 
hours oxidation test at 800 °C. The image was taken from a site where the scale had 
spalled. Coarse faceted titania grains emerge from the mixed alumina -  titania layer.
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7.3 The Ti-50Al-10Cr Alloy
7.3.1 The Target
A  cubic specimen from the Ti-50Al-10Cr target alloy was subjected to an oxidation 
test at 800 °C for 200 hours. The mass gain o f  the specimen was an order o f  
magnitude lower than the mass gain for the Ti-48Al-2Nb-2Mn alloy (0.16 mg /  cm2). 
The oxidation behaviour was parabolic with parabolic rate constant kp=1.3 10"4 mg2/ 
cm4h (figure 7.11), in agreement with previous research on the oxidation o f  Ti-50A1- 
lOCr alloy at 800 °C [Wang et al, 1997].
Time (hours)
Figure 7.11: Mass gain per unit area as a function o f  time for the oxidation o f  the Ti- 
50Al-10Cr target alloy at 800 °C.
No scale spallation was noticed anywhere on the specimen. The morphology o f  the 
scale consisted o f  fine needle shape grains (whiskers) and bigger clusters o f  faceted 
long crystals (figure 7.12). Figure 7.13 shows some randomly oriented needle shape 
crystals and figure 7.14 illustrates a cluster o f  faceted long crystals at planar view. 
Figure 7.15 shows the side view o f  such a cluster. The last two figures reveal the 
radial growth o f  the long faceted crystals in a hemisphere with radius approximately 
15 pm. It was found that surface defects such as scratches on the TiAlCr specimen 
favoured the formation o f  these clusters, because o f  the higher surface area oxidized 
in the scratches, increasing locally the reaction rate and thus the crystals’ growth rate.
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Figure 7.12: Planar view o f  the scale formed on the Ti-50Al-10Cr target alloy after 
oxidation at 800 °C for 200 hours.
Figure 7.13: Close-up view o f  the needle shape grains on the surface o f  the scale.
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Figure 7.14: Planar view o f  a cluster o f  faceted long crystals on the surface o f  the 
scale.
Figure 7.15: Side view o f  a cluster o f  faceted long crystals on the surface o f  the scale.
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Figure 7.16: Planar view o f  the scale formed on the Ti-50Al-10Cr alloy oxidized for 
200 hours at 800 °C, showing the formation o f  clusters o f  long oxide crystals on 
scratches present on the surface.
Figure 7.17: Growth o f  the scale in a crack o f  the TiAlCr specimen.
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Figure 7.16 shows some big clusters o f  oxide crystals, the growth o f  which was 
influenced by the presence o f  scratches on the surface o f  the TiAlCr specimen. Figure 
7.17 depicts needle shape crystals grown at random orientation in a crack o f  the 
TiAlCr specimen. Wang [2002] noticed similar oxide nodules to form on cracks o f  Ti- 
50Al-10Cr coatings, deposited on Ti-50A1 substrates, after cyclic oxidation at 1173 K 
for 100 hours. In the work o f  Wang the presence o f  the big oxide clusters was 
attributed to the cracks, formed in the coating during thermal cycling, allowing the 
direct contact o f  the y-TiAl alloy substrate with air. It was thus concluded that the 
clusters o f  large oxide crystals started from the ' substrate susceptible to high 
temperature oxidation and grew at a fast rate appearing on the surface o f  the coating.
However, according to figures 7.16 and 7.17 the formation o f  the clusters o f  big oxide 
crystals is also possible during the oxidation o f  the bulk Ti-50Al-10Cr alloy at 800 °C 
for 200 hours, particularly on scratches on the surface. This indicates the dependence 
o f  cluster formation to the roughness o f  the surface o f  the specimen. The X-ray map 
o f  such a cluster indicates that it consisted mainly o f  titania grains as did the nodules 
in Wang’ s work (figure 7.18). The XPS analysis o f  a cluster, done by reducing the 
analysed area down to 200 pm2 from 500 pm2, confirmed also that the clusters 
contained mainly titania. The alumina peak should be attributed to the surrounding 
area since the size o f  the cluster is well below 200 pm (figure 7.19).
Figure 7.18: SE and BSE planar view images o f  the scale on the Ti-50Al-10Cr alloy 
after the 200h oxidation at 800°C. The X-ray O, Al, Ti and Cr maps show the titania 
rich cluster vertically in the middle o f  the image.
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Binding Biergy (eV) Binding Biergy (eV)
Binding Biergy (eV> Binding Biergy (eV)
Binding Biergy (oV) Binding Energy (oV)
Binding Biergy (oV)
Element Ti Al Cr O N
Atomic % 22.6 10.0 1.3 63.4 2.7
Figure 7.19: XPS analysis o f  a cluster o f  large oxide crystals. The quantitative 
analysis results listed in the table indicate that titania is the predominant oxide in the 
cluster. The alumina peak probably derives from the scale surrounding the cluster.
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X-ray diffraction confirmed that titania and alumina were present in the scale o f  the 
Ti-50Al-10Cr alloy after the oxidation at 800 °C for 200 hours. The TiAl and 
Ti(Cr,Al)2 peaks also found in the diffractogram can be attributed to the bulk Ti- 
50Al-10Cr alloy under the scale. The low intensities o f  the alumina and titania peaks 
in comparison with the peaks o f  the y and Laves phases signify the small thickness o f  
the scale (figure 7.20). This is consistent with previous research suggesting the 
formation o f  thin titania / alumina scale on similar alloys at 800 °C [Savage 2003].
(a )
Figure 7.20: (a) X-ray diffractogram o f  the Ti-50Al-10Cr alloy after the TG 
experiment for 200 hours at 800 °C in air. Clearly, the intensities o f  the peaks o f  TiAl 
and Laves phases are much stronger than the intensities o f  the titania and alumina 
peaks, (b) Enlarged view o f  the previous diffractogram for the 20% o f  the maximum 
counts, magnifying the titania and alumina peaks to allow their identification.
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7.3.2 The Coating
Cubic specimens o f  the Ti-48Al-2Nb-2Mn alloy coated by an approximately 10 pm 
thick Ti-50Al-10Cr coating were subjected to isothermal oxidation tests at 800 °C. 
The specimen left for 200 hours at this temperature exhibited 1.2 mg/cm2 mass gain. 
The mass increase followed the parabolic behaviour shown in figure 7.21. The 
parabolic rate constant for the oxidation o f  the Ti-50Al-10Cr coating at 800 °C was 
kp=0.0077 mg2/cm 4h.
Apparently, the mass gain was significantly higher for the Ti-50Al-10Cr coating 
compared to the Ti-50Al-10Cr bulk alloy. This could be attributed to partial oxidation 
o f  the Ti-48Al-2Nb-2Mn substrate at the sites where the coating was cracked or 
detached during the oxidation experiment. The mass gain o f  the Ti-48Al-2Nb-2Mn 
alloy after 200 hours o f  exposure at 800 °C is ten times higher than the mass gain for 
the bulk Ti-50Al-10Cr alloy, as we saw in section 7.3.1. Therefore, any oxidation o f  
the substrate would affect drastically the total mass gain o f  the Ti-50Al-10Cr coating / 
Ti-48Al-2Nb-2Mn substrate specimen. The spallation o f  the Ti-50Al-10Cr coating 
from the Ti-48Al-2Nb-2Mn substrate possibly happened because o f  a mismatch in the 
coefficients o f  thermal expansion o f  the amorphous coating and the y+a2 substrate.
Figure 7.21: Mass gain per unit area as a function o f  time for the oxidation o f  the Ti- 
50Al-10Cr coating /  Ti-48Al-2Nb-2Mn substrate system at 800 °C.
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The morphology o f  the scale formed on the Ti-50Al-10Cr coating was similar to that 
formed on the bulk Ti-50Al-10Cr alloy during the oxidation at 800 °C for 200 hours. 
It consisted o f  scattered big clusters o f  long oxide crystals on a finer uniform scale 
background (figure 7.22). Figure 7.23 shows one o f  the clusters formed on the TiAlCr 
coating. No signs o f  cracks are noticed around the cluster. This would indicate that 
cracks in the coating are not necessary for the formation o f  clusters o f  long titania 
crystals. It seems that surface roughness might be enough to trigger the formation o f  
these clusters. The growth rate o f  the clusters is quite rapid since they consist mainly 
o f  titania crystals.
The morphology o f  the rest o f  the scale is illustrated in figure 7.24, which shows the 
mixed smaller alumina and titania crystals. The growth o f  this part o f  the scale was 
slower and seemed to have occurred uniformly all over the surface o f  the specimen. 
Thus, it is suggested that if  the formation o f  the large titania clusters could be avoided 
the mass gain would have been significantly lower.
Figure 7.22: Planar view o f  the scale formed on the Ti-50Al-10Cr coating after the 
oxidation test at 800 °C for 200 hours.
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Figure 7.23: Close-up view o f  a cluster o f  titania crystals grown on the scale o f  the Ti- 
50Al-10Cr coating after the oxidation test at 800 °C for 200 hours.
Figure 7.24: Planar view o f  a part o f  the scale formed on the Ti-50Al-10Cr coating 
after the oxidation at 800 °C for 200 hours with fine mixed alumina - titania crystals.
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The preparation o f  a polished cross section specimen to study the structure o f  the 
scale proved to be very difficult as it always resulted in the separation either o f  a layer 
or o f  the whole scale from the coating. Alternatively, in some cases the coating was 
detached from the substrate. Thus, in order to study the scale in depth it was decided 
to use the XPS technique to execute consecutive acquisition and ion etching processes 
on an area o f  the scale, hi this way a series o f  XPS spectra were collected and each o f  
them corresponded to a different level o f  the scale, giving the opportunity to create a 
composition depth profile o f  the scale. The XPS was performed 011 the free surface o f  
the scale immediately after the end o f  the oxidation test without any specimen 
preparation.
Since the etching rate with the sputtering parameters we used [Baker et al, 2000] is 
about 110 nm/h, it would take some days to complete the analysis o f  a 10 pm thick 
scale. Instead thinner scales were produced by oxidizing Ti-48Al-2Nb-2Mn alloy 
specimens, coated with the 10 pm thick Ti-50Al-10Cr coating, at 800 °C for 5 
minutes and 24 hours. The mass gain and the morphology o f  the scale in these two 
specimens were studied. For the sample oxidized only for five minutes the mass 
change was below 0.1 mg and thus could not be measured by the balance. The 
specimen heated in air at 800 °C for 24 hours exhibited 0.4 mg/cm2 mass gain. This 
value fits quite well to the parabolic mass gain/area versus time curve shown in figure 
7.21.
The morphology o f  the scale after the 24 hours oxidation looked like that o f  the scale 
after the 200 hours oxidation. It included fine mixed titania-alumina crystals and big 
clusters o f  titania crystals as well. The difference was in the size o f  the titania crystals 
and subsequently o f  the clusters they formed. The length o f  the titania crystals varied 
between 3 and 8 pm (figure 7.25). It was again understood that the length o f  the 
titania crystals can be considerably bigger than the actual thickness o f  the scale.
The morphology o f  the scale in the specimen exposed for 5 minutes at 800 °C in air 
replicated the morphology o f  the TiAlCr as deposited coating, figure 7.26. Due to the 
short exposure at the 800 °C the titania clusters did not form, despite the opening o f  
cracks in the coating during cooling. A  uniform thin scale covered the coating.
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Figures 7.25: Titania crystals in a cluster o f  the scale formed on the TiAlCr coating 
oxidized at 800 °C for 24 hours. The size o f  the crystal is smaller than that o f  the 
crystals in the scale after 200 hours o f  oxidation.
Figure 7.26: Planar view o f  the TiAlCr coating heated at 800 °C in air for 5 minutes.
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XPS analysis was performed on the specimen oxidized at 800 °C for 5 minutes. A  
spectrum was acquired from the top layer o f  the scale. Then the specimen was etched 
with an ion beam for one hour, so as to remove the upper, approximately 100 nm 
thick, layer o f  the scale. An XPS analysis was done at this level and another hour o f  
ion etching o f  the scale followed. Ten cycles o f  etching and acquisition were executed 
in total, producing ten spectra along the depth o f  the scale.
The composition o f  the scale at each level was calculated from the XPS spectra. 
Figure 7.27 presents the composition depth profile o f  the scale starting from the top 
surface o f  the scale before ion etching (level 0) up to the level 10, which should be 
close to the scale-coating interface. Concerning the composition difference between 
level 0 and level 1, it is clear that after one hour etching the naturally absorbed on the 
scale carbon nanolayer was removed, uncovering the oxide layer. For this reason the 
oxygen concentration in level 1 appears to increase significantly.
The titanium and aluminium concentrations change in the opposite way. The 
aluminium concentration in the scale increases up to level 6, while the titanium 
concentration decreases from the top surface up to the same level. Below the layer 6 
Al concentration increases slightly between levels 7 and 8 but generally the 
concentrations o f  the two elements remain stable until the last measurement. At the 
final level (i.e. level 10) the concentrations o f  Ti, A l and Cr increase, denoting 
perhaps that the analysis was done in the coating and not in the scale, which was 
completely etched. The high oxygen concentration at level 10 does not support this 
assumption. However, we have already faced the problem o f  increased oxygen 
concentration in the XPS analysis o f  the bulk TiAlCrB target during in-situ etching, 
when the sputtered oxygen atoms reformed an alumina nanolayer on the surface o f  the 
sample (see section 4.3.2). Probably, something similar might have happened in this 
case. It is important to note though the gradual decrease o f  the oxygen content as we 
moved deeper in the scale.
The XPS spectra from all the levels are presented together in figure 7.28. Concerning 
the Ti, the spectrum from the top surface o f  the scale exhibits two peaks at 459.4 eV 
and at 464.8 eV, which are indexed to the Ti 2p3/2 and 2pj/^photoelectron lines 
respectively, and denote the presence o f  T i0 2 [Alexandrov et al 1997]. These two
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peaks remained in all the analysed levels o f  the scale. The maximum shift noted for 
the 2p3/2 peak was -0.6 eV, while for the 2pi peak the shift was -1.2 eV. The Ti 2p3/2 
peak became also broader in spectra acquired from deeper levels o f  the scale. The 
broadening was not symmetrical around the centre o f  the peak, but occurred at the 
lower binding energy part o f  it. This broadening resulted in the formation o f  a distinct 
peak at 456 eV in the spectra from the deeper layers (levels 6-10) o f  the scale. This 
peak is attributable to the TiO. The -3 .4  eV shift from the Ti 2p3/2 peak o f  the T i0 2 is 
in accordance with the value reported by Armstrong and Quinn [1977] and Milosev et 
al [2000] for the TiO. The hump at the low binding energies o f  the Ti 2p3/2 peak in the
spectra from the upper levels o f  the scale could denote the presence o f  titanium, . .
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suboxides in the middle depth o f  the scale. Titanium suboxides (TiOx where 1.5<x<2[fn£ J, < 
have been produced and studied as bulk materials [Meercier et al, 1977] and are 
believed to form as intermediate oxide layers between the outer T i0 2 and the inner 
TiO during the oxidation o f  Ti alloys [Ask et al, 1988, Pham et al, 1997]. The Ti20 3 
and the Ti3Os are the candidate sub oxides to form, with the former to be the strongest 
one. Milosev et al [2000] measured the binding energy o f  the Ti 2p3/2 peak for the 
Ti20 3 at 457.4 eV. Such a peak is possibly present in the spectra from the layers 7 and
8. It should be noted that the metallic Ti 2p3/2 peak corresponds to 454 eV binding 
energy. Clearly this peak does not appear in any o f  the spectra.
Concerning the Al, the A l 2p3/2 peak appears in a range o f  0.8 eV between 74.4 and 
75.2 eV in the ten spectra. However, in most o f  the spectra the binding energy at the 
centre o f  the peak is 74.8 eV. The peak is attributed to the A120 3, which appears to be 
present even in the deepest analysed level o f  the scale. The O peaks exhibit the most 
systematic shift. The O l s  peak in the spectrum from the top surface o f  the scale is at 
531 eV binding energy and it gradually shifts to higher binding energies in the spectra 
from the deeper levels, hi the spectrum from the level 10 o f  the scale, the O ls  peak 
has its centre at 531.8 eV.
The shift o f  the Cr 2pi and 2p3/2 peaks occurs in the opposite direction than that o f  the 
O and Al peaks. This indicates the presence o f  Cr in an oxidized state at the outer 
layers o f  the scale and in the metallic state at the deeper levels. Finally, it should be 
noted that the C had been removed completely from the scale by the ion etching and 
thus the C Is peak was too faint to be used for the calibration alignment o f  the spectra.
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In conclusion, the scale formed on the Ti-50Al-10Cr coating consisted of a surface 
layer rich in Ti02, with minor percentage of A120 3 and Cr20 3. Below that the A120 3 
fraction increased along with a decrease of the Cr20 3. Titanium suboxides, like the 
Ti20 3 may exist together with A120 3 and some Ti02 in the intermediate layers of the 
scale. Closer to the scale/coating interface a mixed TiO - A120 3 layer was formed.
TOP 
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Figure 7.27: Depth profile of the scale formed on the Ti-50Al-10Cr coating after 5 
minutes at 800 °C, based on the quantitative XPS analysis. The second diagram is the 
magnified view of the area in the box in the first diagram.
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Figure 7.28: XPS spectra from the scale formed on the Ti-50Al-10Cr coating after 
oxidation for 5 minutes at 800 °C. Ten spectra are stacked together from the 
successive levels analysed in the scale. The first spectrum in the foreground (red line) 
corresponds to the top surface of the scale (level 0) and the last spectrum in the 
background corresponds to the deeper analysed level (10).
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7.4 The Ti-48Al-9Cr-4R Alloy
7.4.1 The Target
A  TG oxidation test was performed at 800 °C for 200 hours on a cubic specimen from 
the TiAlCrB(Ni) target material, since spare material from the Ti-48Al-9Cr-4B target 
alloy was not supplied (see section 4.3.2). Thus, we could not test a specimen from 
the actual alloy that was used as a TiAlCrB target. Instead a specimen from the Ni 
containing target alloy was subjected to the oxidation test.
The mass gain o f  this specimen after the 200 hours exposure in air at 800 °C was 4.08 
mg/cm2. The oxidation behaviour was parabolic and the parabolic rate constant was 
kp= 0.0867 mg2/ cm4h (figure 7.29). It is evident that the mass gain per unit area for 
the TiAlCrB(Ni) target material was much higher than the corresponding value for the 
TiAlCr target and was also significantly higher than the mass gain per unit area 
measured for the Ti-48Al-2Nb-2Mn specimen. For this reason the Ni containing 
target was not used for the production o f  coatings, since the latter would not increase 
the oxidation resistance o f  the y TiAl based alloy substrate.
Figure 7.29: Mass gain per unit area as a function o f  time for the oxidation o f  the 
TiAlCrB(Ni) target material at 800 °C.
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The morphology o f  the scale exhibited rough areas with big clusters, formed by 
coarse titania crystals, and smoother domains with alumina. Figure 7.30 shows the 
secondary electron image o f  the scale taken at planar view. The area fraction o f  the 
titania clusters, which are depicted in the image, is bigger than the area fraction o f  the 
alumina domains. An EDS analysis performed in the region o f  the scale shown in 
figure 7.30 indicated that it consisted o f  22.2 %  Ti, 12.7 %  Al, 0.6 %  Cr, and 64.5 %
O. Assuming that all the elements in the scale existed in their oxidized states, i.e. 
performing the analysis by stoichiometry for the T i0 2, A120 3 and Cr20 3, the analysis 
can be expressed as a ratio o f  these oxides. Thus, the analysis by stoichiometry for the 
same domain gave 71.8 %  T i0 2, 26.2 %  A120 3 and 2 %  Cr20 3. Despite the errors that 
can be incorporated in the EDS quantitative analysis o f  oxides, the above results 
denote clearly the high concentration o f  T i0 2 in this scale. The X-ray elemental maps 
(figure 7.31) collected from the same area confirmed that the coarse grain clusters 
were titania and illustrated the distribution o f  Ti, Al, Cr, Ni and O on the surface o f  
the scale.
Figure 7.30: SE image o f  the scale formed on the TiAlCrB(Ni) target material after
the 200 hours exposure in air at 800 °C.
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Figure 7.31: EDS spectrum and the Ti, Al, Cr, O and Ni X-ray maps from the area o f  
the scale shown in figure 7.30. The Ti and Al maps indicate that the two elements 
appear in different regions. Ti is segregated in the coarse grain clusters and Al in the 
background. Cr seems to co-exist with Al and at the same domains O concentration is 
slightly higher. The Ni counts were very few and randomly scattered all over the area.
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Figure 7.32 depicts a cluster o f  titania crystals at higher magnification, revealing 
details o f  the structure o f  the clusters. The EDS analysis o f  one o f  these crystals gave 
28.8 %  Ti, 71 %  O and 0.2 % Al, confirming that it is a pure titania crystal. In figure 
7.33 an area o f  the scale with alumina whiskers is shown. Spot analysis o f  individual 
whiskers was not possible due to their submicron size. The EDS analysis on a group 
o f  them (figure 7.33b) gave 5.6 %  Ti, 74.2 %  O and 20.2 %  Al.
Care should be exercised regarding the accuracy o f  the last two sets o f  EDS 
quantitative results, since the analyses were performed on rough and inclined small 
domains, not satisfying the optimum geometrical configuration for quantitative EDS 
analysis. They provide, however, useful qualitative information about the composition 
o f  the two different types o f  crystals o f  the scale.
Figure 7.32: A cluster o f  titania crystals on the scale formed on the TiAlCrB(Ni) 
target material after the 200 hours exposure in air at 800 °C.
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(b)
Figure 7.33: (a) Secondary electron image o f  an area with alumina whiskers from the 
scale formed on the TiAlCrB(Ni) target material, (b) Magnified view o f  the centre o f  
the image in (a) showing the whiskers and especially a group o f  them (right hand side 
o f  the image), where the EDS analysis was performed.
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The presence o f  alumina and titania in the scale was also confirmed by X-ray 
diffraction analysis. Figure 7.34 presents the diffractogram from the oxidized 
TiAlCrB(Ni) target material. All the peaks were indexed to the alumina, titania, y 
TiAl and Ti(Cr,Al)2 phases. The peaks o f  the two latter phases are attributed to the 
diffraction o f  the X-rays on the bulk TiAlCrB(Ni) target material, which indicates that 
despite the high mass gain o f  the specimen during oxidation, the thickness o f  the scale 
formed, was below the depth penetration o f  the X-rays. Furthermore, the relative 
intensities o f  the alumina and titania peaks in the XRD are in agreement with the 
SEM observations that the fraction o f  titania in the scale was higher. It should be 
noted that in the diffractogram there were no peaks corresponding to nickel or boron 
oxides.
20 Degrees
Figure 7.34: X-ray diffractogram from the TiAlCrB(Ni) target material oxidized for 
200 hours at 800 °C.
In conclusion, the TiAlCrB(Ni) target material exhibited high mass gain per unit area 
after 200 hours oxidation test at 800 °C. This mass gain was associated mainly with 
the formation o f  big clusters o f  titania coarse crystals on the surface o f  a mixed 
alumina titania and chromia scale. The experimental results did not clarify the role o f  
boron and nickel in the oxidation behaviour o f  this alloy.
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7.4.2 The Coating
The oxidation resistance o f  a Ti-48Al-2Nb-2Mn cubic specimen coated by an 
approximately 10pm thick TiAlCrB coating was evaluated in a TG experiment in air 
at 800 °C for 200 hours. The mass gain per unit area o f  the specimen was 0.61 
mg/cm2. The mass increase exhibited parabolic behaviour with parabolic rate constant 
kp=0.0019 mg2/cm 4h.
Time (hours)
Figure 7.35: Mass gain per unit area as a function o f  time for the oxidation o f  the Ti- 
48Al-9Cr-4B coating / Ti-48Al-2Nb-2Mn substrate system at 800 °C.
SEM observations at planar view o f  the Ti-48Al-9Cr-4B coating after the 200 hours 
oxidation test at 800 °C revealed that the scale morphology differed from that o f  the 
scale formed on the TiAlCrB(Ni) target alloy. The big clusters o f  coarse titania 
crystals which formed on the target material did not form on the coating during 
oxidation. The scale seemed to replicate the surface o f  the coating indicating a small 
scale thickness (figure 7.36). This morphology was interrupted only in a few sites 
where rough but small oxide crystals appeared (figure 7.37). At these sites the Ti- 
48Al-2Nb-2Mn substrate was probably exposed to air and oxidized, as it happened in 
the TiAlCr coating / Ti-48Al-2Nb-2Mn specimen. It is quite possible that i f  we could 
oxidize a bulk Ti-48Al-9Cr-4B alloy specimen at 800 °C it would exhibit a smaller 
mass gain than the TiAlCrB coating on the Ti-48Al-2Nb-2Mn substrate.
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Figure 7.36: SE image o f  the surface o f  the Ti-48Al-9Cr-4B coating after the 200 
hours oxidation at 800 °C.
Figure 7.37: Two types o f  scale morphology. In the left hand side the scale has 
replicated the surface o f  the TiAlCrB coating and in the right hand side the scale 
consists o f  rough oxide crystals.
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For this coating / substrate system it was possible to prepare a polished cross section 
specimen after the oxidation test, to study its structure. Figure 7.38 shows a 
backscattered electron image and a linescan analysis along the depth of the scale. 
Figure 7.39 presents a linescan parallel to the surface of the scale at the middle of its 
depth and figure 7.40 shows the EDS X-ray maps of an area of the scale next to that 
shown in figure 7.38, indicating the variations of the Ti, Al, Cr and O concentrations 
in the scale.
0. 439 AIK*, 4563
JT ~ ~ v
IiK«, 3262 CrKa, 684yv_
Figure 7.38: BSE of a polished cross section of the oxidized TiAlCrB coating on the 
Ti-48Al-2Nb-2Mn substrate and the O, Al, Ti and Cr X-ray spectra acquired by EDS 
along the yellow line which is shown in the backscattered image.
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0 ,332 AIKa, 3411
Figure 7.39: Linescan parallel to the surface of the scale in the area shown in fig. 7.38. 
According to the spectra the darker domains along the thickness of the scale are O and 
Al rich. The Ti and Cr concentrations decrease at these domains.
In the images taken from the polished cross section the layer over the substrate looks 
uniform. As a result the scale and the coating cannot be discerned. This could suggest 
that the scale spalled during the metallographic sample preparation. However, the 
linescan in figure 7.38 and the X-ray maps in figure 7.40 denote the presence of 
oxygen in the whole layer above the substrate. Therefore, scale formation at the 
expense of the coating is a more possible explanation. In other words, instead of an 
outward growth of the scale, as it happened in the samples mentioned previously, here
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the coating is oxidized by the inward diffusion o f  oxygen atoms. The diffusion o f  
oxygen inside the coating is also suggested by the high oxygen concentration at the 
interfacial zone between the coating and the substrate. Both the linescan and the 
oxygen X-ray map indicate the highest oxygen concentration at this level. EDS 
quantitative analysis for this level gave: 54.7 % O, 23.7 % Al, 18.5 %  Ti and 3.1 Cr.
The hypothesis that the layer seen on the substrate is the TiAlCrB coating, which has 
been oxidized, is supported by the thickness o f  the layer. It is about 9 pm, i.e. very 
close to the initial thickness o f  the TiAlCrB coating. Furthermore, the perpendicular 
to the surface darker domains seen in the BSE image (figure 7.38) could be coarse 
columns from the columnar morphology o f  the as-deposited coating which acted as 
pathways for the diffusion o f  oxygen atoms towards the interface between the coating 
and the substrate. They appear to be A l and O rich according to the X-ray maps, 
suggesting that the predominant phase there is alumina.
Depth profiling XPS analysis with ten 30 minutes etching -  acquisition cycles was 
performed soon after the oxidation o f  the sample (figure 7.41). The presence o f  T i0 2 
was confirmed by the two peaks at 459.4 eV and at 464.8 eV, which are indexed to 
the Ti 2p3/2 and 2pi photoelectron lines respectively, and appear in all the spectra. 
Both peaks broadened at their low energies part signifying the presence o f  titanium 
suboxides and a small percent o f  metallic titanium (at 454 eV). Clearly, the Ti rich 
interface between the oxidized coating and the substrate was not reached by the last 
ion etching cycle.
The Al 2pi peak is located at 76 eV in the spectrum from the top surface and is 
gradually shifted to 75 eV in the last one. It should be attributed mainly to the A120 3 
formed in the coating. The Cr 2pi and 2p3/2 peaks appear at 587 and at 578 eV in the 
spectrum from the top layer indicating that Cr is oxidized, too. Although the 
background in the spectra from the rest o f  the layers is too noisy, interfering with the 
shape o f  the Cr peaks, not significant change o f  their size or position was noted. 
Similar was the case for B; in the spectrum from the top layer a broad B Is peak 
appeared at 196 eV, possibly due to boron oxides. The peak at 191.1 eV in the 
spectrum from the layer 8 (blue line) could indicate the presence o f  BN [Baker et al, 
1995 and 2002].
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Figure 7.40: Backscattered and secondary electron images and the O, Al, Ti and Cr 
X-ray maps for a polished cross section sample o f  the TiAlCrB coated Ti-48Al-2Nb- 
2Mn substrate, after oxidation at 800 °C for 200 hours.
In conclusion, it would appear that in the oxidation o f  the Ti-48Al-9Cr-4B coating at 
800 °C oxidation occurred by the inward diffusion o f  oxygen. Successive titania and 
alumina layers were formed in the coating together with chromia, boron oxides and 
possibly BN. At the interface between the coating and the substrate there was a titania 
exists, while alumina columns started from that interface and continued up to the 
surface o f  the coating.
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Figure 7.41: XPS depth profile analysis of the scale formed on the Ti-48Al-9Cr-4B 
coating after the oxidation test at 800 °C. The ten spectra correspond to the successive 
levels analysed in the scale. The first spectrum in the foreground (red line) 
corresponds to the top surface of the scale and the last spectrum in the background 
corresponds to the deepest analysed level.
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7.5 The TiAlCrB/Ag Multilayer Coating
The second type o f  the TiAlCrB/Ag multilayer coatings that were described in section
5.5 (three submicron Ag layers among four approximately 2 pm thick TiAlCrB layers, 
with a total coating thickness o f  about 8 pm) was also tested for its oxidation 
behaviour in air for 200 hours at 800 °C. The mass gain o f  the specimen after the 
oxidation test was 0.81 mg/cm2. The mass increased parabolically (figure 7.42) with a 
parabolic rate constant kp=0.0033 mg2/cm4h.
Figure 7.42: Mass gain per unit area as a function o f  time for the oxidation o f  the 
multilayer TiAlCrB/Ag coating /  Ti-48Al-2Nb-2Mn substrate system at 800 °C.
The morphology o f  the scale formed on the TiAlCrB/Ag multilayer coating was quite 
uniform and consisted o f  coarse oxide crystals (figure 7.43). The X-ray maps in figure
7.44 indicate that the top surface o f  the scale was titanium rich. At the site where the 
top layer o f  the scale was removed, an aluminium rich layer had been uncovered. At 
the same site the Ag and O concentrations appeared to be higher than in the surface 
layer, while the Cr map exhibited randomly scattered spots in the Ti rich top surface 
o f  the scale. Thus, the EDS qualitative results signify that the microstructure o f  the 
scale formed on the TiAlCrB/Ag multilayer coating consisted o f  a top titanium oxide 
layer and an aluminium oxide layer inside the scale.
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Figure 7.43: Planar view o f  the scale formed on the TiAlCrB/Ag multilayer coating 
after 200 hours at 800 °C.
Figure 7.44: SE, BSE planar view images and O, Al, Ag, Ti and Cr X-ray maps from 
the oxidized TiAlCrB/Ag multilayer coating / Ti-48Al-2Nb-2Mn substrate system.
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X-ray diffraction confirmed the presence o f  titania and alumina in the scale (figure 
7.45). Furthermore, it indicated the possibility o f  the Z  (T15AI3O2) phase formation in 
the scale. The Z-phase is a ternary T i-A l-0  compound with a cubic structure 
© =0.69lnm) and a composition close to 50 % Ti, 30 %  Al and 20 %  O. It has been 
reported to form in the subsurface layer o f  the oxide scale in Ag containing y-TiAl 
alloys [Zheng et al. 1995, Tang et al 2003, Niewolak et al, 2001]. Shemet et al [1997] 
synthesized it via a powder metallurgical method, using titanium, aluminium and 
titania powders, and determined the XRD data shown in the table 7.3.
hid 110 300 310 311 321 330 510 520
d (A) 4.882 2.301 2.184 2.082 1.846 1.628 1.355 1.283
Intensity 8 100 50 26 8 8 15 14
Table 7.3: XRD data for the 15AI3O 2 Z phase [Shemet et al 1997],
The presence o f  the Z  phase cannot be confirmed with certainty due to the close 
proximity o f  the Z phase peaks with the T i0 2 peaks. In the diffractogram in figure
7.45 the positions o f  the strongest peaks o f  the Z  phase according to Shemet et al 
[1997] have been noted. However, some o f  the peaks overlap with the peaks o f  T i0 2.
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Figure 7.45: X-ray diffractogram from the TiAlCrB/Ag multilayer coating / Ti-48A1- 
2Nb-2Mn substrate system oxidized for 200 hours at 800 °C.
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7.6 Concluding Remarks
The mass gain per unit area, the parabolic rate constants and the actual oxidation 
curves o f  the Ti-48Al-2Nb-2Mn substrate alloy, the TiAlCr and TiAlCrB(Ni) target 
materials and the TiAlCr, TiAlCrB, and TiAlCrB/Ag coatings on the Ti-48Al-2Nb- 
2Mn substrates are compared in figure 7.46 and in Table 7.4.
48 2 2 substrate TiAlCrB coating TiAlCrB/Ag
TiAlCr target TiAlCrBNi target TiAlCr coating
Figure 7.46: Mass gain per unit area as a function o f  time for the Ti-48Al-2Nb-2Mn 
substrate alloy, the TiAlCr target material, the TiAlCrB coating, the TiAlCrB(Ni) 
target, the TiAlCrB/Ag multilayer coating and the TiAlCr coating oxidized in air at 
800 °C.
Material
Mass Gain/Area after 200 
hours at 800°C (mg/cm2)
Parabolic Rate Constant 
kp (mg2/cm4h)
Ti-48Al-2Nb-2Mn substr. 1.6 0.0122
TiAlCr target 0.16 0.0001
TiAlCrB(Ni) target 4.08 0.0867
TiAlCr coating 1.24 0.0077
TiAlCrB coating 0.61 0.0019
TiAlCrB/Ag multilayer 
coating 0.81 0.0033
Table 7.4: Comparison o f  the mass gain per unit area anc the parabolic rate constants
o f  the six materials oxidized at 800 °C for 200 hours.
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Evidently, the comparison o f  the above data denotes that all the three coatings tested 
improved the oxidation resistance o f  the Ti-48Al-2Nb-2Mn alloy. The lowest mass 
gain measured for the TiAlCrB coating and this could be attributed to the structure o f  
the scale, which seemed to grow at a slow rate in the coating. The inward oxidation 
does not seem to affect the substrate material significantly and thus the mass gain was 
kept low.
The TiAlCrB/Ag multilayer coating exhibited the second lowest mass gain per area 
out o f  the three coatings. The crystals in the uniform titania surface layer grew at a 
slow rate and the protective Z phase was possibly formed in the scale. The TiAlCr 
coating protected the y-TiAl based alloy substrate quite sufficiently, too. However, the 
formation o f  the clusters o f  big titania crystals on the surface o f  the scale resulted in a 
higher mass gain per unit area compared to the other two coatings.
The Ti-50Al-10Cr target alloy exhibited the smallest mass gain per unit area out o f  all 
the materials tested. The fact that the Ti-50Al-10Cr bulk alloy specimen exhibited 
significantly lower mass gain than the corresponding coating, probably indicates a 
contribution o f  the substrate alloy to the oxidation o f  the TiAlCr coating / Ti-48A1- 
2Nb-2Mn specimen. It should be also taken into account that all the coatings at the 
beginning o f  the oxidation experiments were amorphous. Since the oxidation 
temperature was above their crystallization temperatures, at the first stages o f  the 
experiment they crystallized following the phase evolution paths described in chapter
6. Because o f  the initially metastable microstructure o f  the coatings the volume 
fraction o f  the oxidation resistant Laves phase was lower than in the bulk alloy and 
this could have played a role in the better oxidation behaviour o f  the bulk alloy.
The nickel containing TiAlCrB(Ni) target alloy was found to be the most susceptible 
material to oxidation at 800 °C. The mass gain per unit area for this alloy was more 
than three times higher than the mass gain o f  the Ti-48Al-2Nb-2Mn alloy. Therefore, 
the Ti-48Al-9Cr-4B(Ni) alloy should not be considered as a protective oxidation 
resistant material at 800 °C for the y-TiAl based alloys.
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Chapter 8
8 Conclusions and Suggestions for Future 
Work
8.1 Conclusions
On the basis o f  the results o f  this study the following conclusions are made:
1. Amorphous Ti-50Al-10Cr and Ti-48Al-9Cr-4B coatings can be produced 
using RF sputtering with optimised deposition parameters. The formation o f  
the amorphous phase depends on the deposition temperature, which affects the 
mobility o f  the impinging atoms. It has been shown that amorphous phase 
formation in the as-deposited micro structure, for 1 pm/h deposition rate, is 
possible up to 208 °C and 223 °C deposition temperatures for the T1-50A1- 
lOCr and the Ti-48Al-9Cr-4B deposits respectively.
2. Despite their amorphous structure the coatings exhibited columnar 
morphology consisting o f  approximately 1pm thick columns. The columns 
were perpendicular to the surface o f  the substrate and their height was equal to 
the thickness o f  the coating. The porosity between the columns was very low 
and the coatings were dense and uniform.
3. The deposition o f  Ag layers in the TiAlCrB coatings led to coarser columnar 
morphology and to the formation o f  nodules across the thickness o f  the 
multilayer coating. The nodules started from the surface o f  the substrate. The 
growth o f  the multilayer coatings was not affected by the succession o f  
TiAlCrB and Ag layers.
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4. Despite the presence o f  the crystalline Ag layers in the multilayer as-deposited 
TiAlCrB/Ag coatings, the TiAlCrB layers were amorphous.
5. Fine a-Ti nanocrystals were found dispersed in the amorphous phase in the as- 
deposited Ti-50Al-10Cr and Ti-48Al-9Cr-4B coatings. The size o f  the 
nanocrystals was smaller in the boron containing coating (<15nm) than in the 
TiAlCr deposit (> 20nm), while the volume fraction o f  the nanocrystals in the 
amorphous phase seemed to be smaller in the latter coating.
6. The crystallization temperature measured on freestanding Ti-50Al-10Cr 
amorphous deposit was 657 °C at 5 K/min, 690 °C at 20 K/min and 714 °C at 
50 K/min heating rate. The crystallization temperature was lower in air than in 
Ar atmosphere.
7. The activation energy for the crystallization o f  the Ti-50Al-10Cr amorphous 
coating was found to be very close to the activation energy for the volume 
diffusion o f  Ti in the y phase.
8. The crystallization temperature for the Ti-48Al-9Cr-4B amorphous coating 
was lower than that for the Ti-50Al-10Cr, i.e. 685 °C at 50 K/min, 686 °C at 
65 K/min and 690°C at 80 K/min heating rate. It is concluded that 4 at% 
addition o f  boron increases the crystallization temperature o f  the amorphous 
Ti-50Al-10Cr alloy.
9. The activation energy for crystallization o f  the amorphous phase in the Ti- 
48Al-9Cr-4B coating was found to be double the activation energy for 
crystallization o f  the Ti-50Al-10Cr amorphous coating.
10. The addition o f  4 at% boron increases the melting point o f  the Ti-50Al-10Cr 
alloy from 1080 °C to 1123 °C.
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11. Primary crystallization o f  a-Ti nanocrystals occurred dining the heating o f  the 
Ti-50Al-10Cr coating at 550 °C and was more intense at the higher heating 
rates. During the primary crystallization the a-Ti nanocrystals present in the 
as-deposited microstructure grew, simultaneously with the nucleation and 
growth o f  new a-Ti nanocrystals.
12. The phase evolution path in the crystallization o f  the Ti-50Al-10Cr amorphous 
coating was: Amorphous —> a-Ti - »  a 2-Ti3Al + y-TiAl - »  y-TiAl + Ti(Cr, A l)2
13. The phase evolution path in the crystallization o f  the Ti-48Al-9Cr-4B 
amorphous coating was: Amorphous —> a-Ti + (TixBy)->  a 2-Ti3Al + y-TiAl + 
(TixBy) —> y-TiAl + (TixBy) + Ti(Cr, A l)2. The microstructure o f  the TT48A1- 
9Cr-4B coating after crystallization was finer than that o f  the Ti-50Al-10Cr 
coating.
14. The transformation from the metastable a 2-Ti3Al + y-TiAl microstructure to 
the equilibrium y-TiAl + Ti(Cr, A l)2 + (TixBy) occured gradually due to the 
slow formation o f  the ordered Ti(Cr, A l)2 Laves phase.
15. A  continuous alumina scale did not form on any o f  the coatings after 200 
hours at 800 °C in air. The formation o f  titania in the form o f  coarse crystals 
on the surface o f  the scale could not be avoided during the oxidation o f  these 
alloys in air.
16. The Ti-48Al-9Cr-4B coating was found to be the most oxidation resistant o f  
the three coatings, followed by the TiAlCrB/Ag multilayer coating. The Ti- 
50Al-10Cr coating formed a titania rich scale and thus its mass gain during 
oxidation was higher.
17. The addition o f  Ni in the Ti-48Al-9Cr-4B alloy has a negative effect on the 
oxidation resistance o f  the alloy at 800 °C.
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8.2 Suggestions for Future Work
1. This work has shown that the addition o f  boron to the Ti-50Al-10Cr alloy has 
an effect on the microstructure o f  the as-deposited coating, as well as on the 
thermal stability o f  the amorphous phase. The effect o f  the addition o f  other 
elements (metalloids, or rare earth elements) would be worthwhile studying. 
For instance, a TiAlCr-Si alloy is expected to have a similar behaviour to 
the Ti-48Al-9Cr-4B alloy and the role o f  silicon in the formation and the 
stability o f  the amorphous phase in the deposit would be easier to clarify, since 
silicon, unlike boron, can be detected by all the analytical techniques used in 
this work.
2. The presence o f  the A g crystalline layers in the TiAlCrB/Ag multilayer 
coatings did not affect the formation o f  the amorphous phase in the TiAlCrB 
layers. It would be interesting to study the role o f  crystalline layers in the 
crystallization o f  the amorphous layers.
3. The amorphous and the nanocrystalline materials exhibit different mechanical 
properties compared to their conventional crystalline counterparts. Thus, it 
would be useful to measure the mechanical properties o f  the as-deposited 
(amorphous) and heat-treated (nanocrystalline) TiAlCr-X coatings.
4. The coatings in this work were produced at a relatively slow deposition rate. 
The study o f  the feasibility o f  producing thick amorphous TiAlCr-X coatings 
by PVD at a higher deposition rate and temperature would be important for the 
development o f  these coatings.
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Appendix A
Simulation of Basic Crystal Structures using the PowderCell Software
y-TiAl phase
a
y-TiAl phase crystal structure
L lo  Type ordered face centred tetragonal structure
a=b=4.005 A, c=4.070 A 
a=P=y=90°
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y-TiAl phase
X-ray source: Cu-Kal+2 1.540598 1.544426 (0.497000) 
20 range: 20.000 - 90.000
geometry : Bragg-Brentano, var. slit, no anom. disp.
H K L 29 degrees d (A) Intensity
0 0 1 21.82 4.07 29.43
1 1 0 31.567 2.83196 32.33
1 1 1 38.704 2.3246 581.24
0 0 2 44.485 2.035 108.96
2 0 0 45.246 2.0025 210.11
2 0 1 50.771 1.79679 21.69
1 1 2 55.565 1.65258 16.8
2 0 2 65.323 1.42733 179.77
2 2 0 65.913 1.41598 87.99
2 2 1 70.337
r
1.33736 8.45
3 1 0 74.921 1.26649 7.13
1 1 3 78.038 1.22352 120.47
3 1 1 79.134 1.2093 234.3
2 2 2 83.018 1.1623 107.12
2 0 3 86.601 1.12317
...... .............  ..... ................ - .
5.25
Calculated XRD data for the y-TiAl phase.
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a2-Ti3Al phase
242
a2-Ti3Al phase crystal structure
DO 19 Type ordered hexagonal close packed structure
a=b=5.7820 A, c= 4.6290 A
a=(3=90°, y=120°
Appendix A 243
a2-Ti3Al phase
X-ray source: Cu-Kal+2 1.540598 1.544426 (0.497000) 
20 range: 20.000 - 90.000
geometry : Bragg-Brentano, var. slit, no anom. disp.
H K L 20 degrees d (A) Intensity
1 0 1 26.196 3.3991 24.25
1 1 0 30.906 2.891 20.86
2 0 0 35.837 2.50368 30.23
0 0 2 38.879 2.3145 91.4
2 0 1 40.948 2.2022 712.15
1 0 2 43.018 2.10093 42.3
2 1 0 48.034 1.8926 78.07
1 1 2 50.470 1.8068
jfcv .LU-. ,
92.55
2 0 2 53.903
■ SSj 1
1.69955 311.11
2 1 2 63.438 1.46513 32.99
2 2 0 64.402 1.4455
-  , ’ % W .  : 271.21
3 1 0 67.374
iffl
1.38879 31.96
3 0 2 69.359 1.3538 40.7
2 0 3 71.806 1.31358 192.13
2 2 2 77.847 1.22603 112.48
4 0 1 79.202 1.20843 155.61
3 1 2 80.608 1.19086 20.59
0 0 4 83.461 1.15725 50.94
3 2 0 84.218 1.14877 18.87
1 0 4 86.184 1.12753 18.86
4 0 2 88.785 1.1011 102.37
Calculated XRD data for the a 2-Ti3Al phase.
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TiAl3 phase
TiAl3 phase crystal structure
DO22 Type ordered tetragonal structure
a=b=3.8400 A, c= 8.5960 A 
a=P=y=90°
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TiAl3 phase
X-ray source: Cu-Kal+2 1.540598 1.544426 (0.497000) 
20 range: 20.000 - 90.000
geometry : Bragg-Brentano, var. slit, no anom. disp.
H K L 20 degrees d (A) Intensity
1 0 1 25.383 3.506 24.85
1 1 0 32.961 2.715 7.91
1 0 3 39.197 2.296
■ * -■t>
11.03
1 1 2 39.213
i
2.296
, z,' k " f J
449.08
0 0 4 42.009 2.149 97.8
2 0 0 47.306 1.920 152.71
2 0 2 52.132 1.753 5.35
2 1 1 54.441 1.684 9.45
2 1 3 63.06 1.473
1 N,% •-* Y'.-'J ; U ’1 TT)
6.15
2 0 4 65.095 1.432 148.74
2 2 0 69.135 1.358 64.81
1 1 6 74.878 1.267 108.81
3 1 2 82.475 1.169 180.17
2 2 4 84.307 1.148 86.77
Calculated XRD data for the TiAl3 phase.
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g-Ti phase
X-ray source: Cu-Kal+2 1.540598 1.544426 (0.497000) 
20 range: 20.000 - 90.000
geometry : Bragg-Brentano, var. slit, no anom. disp.
H K L 20 degrees d (A) Intensity
1 0 0 35.444 2.53053 29.43
0 0 2 38.396 2.3425 32.33
1 0 1 40.482 2.2265 581.24
1 0 2 53.244 1.71903 108.96
1 1 0 63.638 1.461 210.11
1 0 3 70.848 1.32897 21.69
2 0 0 75.006 1.26526 16.8
1 1 2 76.834 1.23965 179.77
2 0 1 78.191 1.2215 87.99
0 0 4 82.245 1.17125 8.45
2 0 2 87.567 1.11325 7.13
Calculated XRD data for the a-Ti phase.
a-Ti phase
Hexagonal close packed structure
a=b=2.9508 A, c= 4.6855 A 
a=P=90° y=120°
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TifCr.AD? C14 Laves phase
Ti(Cr,Al>2 C14 Laves phase crystal structure 
C14 Type ordered hexagonal close packed structure
a=b= 5.0600 A, c= 8.2200 A 
a=|3=90o, y=120°
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Ti(Cr,Al)2 C l4 Laves phase
X-ray source: Cu-Kal+2 1.540598 1.544426 (0.497000) 
20 range: 20.000 - 90.000
geometry : Bragg-Brentano, var. slit, no anom. disp.
H K L 20 degrees d (A) Intensity
1 0 0 20.249 4.382 34.18
1 0 1 22.981 3.867 11.32
1 1 0 35.452 2.530 107.68
1 0 3 38.727 2.323 301.68
2 0 0 41.166 2.191 49.36
1 1 2 41.897 2.155 521.05
2 0 1 42.673 2.117 481.24
0 0 4 44.029 2.055 118.5
2 0 2 46.957 1.933 134.78
1 0 4 48.914 1.861 78.94
2 0 3 53.506 1.711 39.87
3 0 0 63.653 1.461 28.41
2 1 3 65.837 1.417 174.26
3 0 2 68.065 1.376 162.34
0 0 6 68.425 1.370 26.71
2 0 5 71.716 1.315 217.52
2 1 4 73.358 1.290 57.37
2 2 0 75.025 1.265 202.6
2 0 6 83.078 1.16162 96.47
1 0 7 85.549 1.13427 19.76
3 1 3 87.792 1.111 93.32
Calculated XRD data for the Ti(Cr,Al)2 C14 Laves phase.
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Presentations and Publications to Date
Parts o f  this work have been presented in the following presentations and 
publications:
1. A. Zaroulias, G. Shao and P. Tsakiropoulos, ‘ Synthesis and Characterisation 
o f  Oxidation Resistant Coating for Gamma TiAl’ , in Gamma Titanium 
Aluminides 2003, eds. Y.-W . Kim, H. Clemens, and A.H. Rosenberger, TMS, 
Warrendale (2004), pp. 567-574
2. A. Zaroulias, G. Shao and P. Tsakiropoulos,’ Development o f  Oxidation 
Resistant Coatings Based on Gamma TiAl’ , in Surface Engineering in 
Materials Science II, eds. S. Seal, N.B. Dahotre, J. Moore, A. Agarwal, and S. 
Suryanarayana, TMS Warrendale, (2003), pp. 273-281
3. A. Zaroulias, G. Shao and P. Tsakiropoulos, ‘ Synthesis and Characterisation 
o f  Oxidation Resistant Coating for Gamma TiAl’ , presented in Gamma 
Titanium Aluminides 2003 symposium, in TMS Annual Meeting 2003, 2-6 
March 2003, San Diego, CA, USA
4. A. Zaroulias, G. Shao and P. Tsakiropoulos,’ Development o f  Oxidation 
Resistant Coatings Based on Gamma TiAl’ , presented in Surface Engineering 
in Materials Science II symposium, in TMS Annual Meeting 2003, 2-6 March 
2003, San Diego, CA, USA
5. A.Zaroulias, G.Shao, P. Tsakiropoulos, ‘Preparation o f  Amorphous TiAlCr 
Deposits Using Sputtering Technique’ , presented in the Surface Engineering 
symposium in IOM Materials Congress 2004, 30March -  1 April 2004, 
London, UK
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